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Résumé en français 
 
 
 
Ce présent travail sur le Ciblage des télomères par des métalloporphyrines s’inscrit 
dans le cadre de la recherche de nouveaux agents anti-cancéreux. 
 
Les télomères, ou extrémités chromosomiques, sont des régions des chromosomes 
essentielles à la vie de la cellule et à la maintenance de l’intégrité du matériel génétique. Ils 
sont constitués de séquences riches en guanines qui peuvent s’organiser en ADN quadruplex 
(Figure 1) et dont la structure très particulière permet d’envisager la recherche de molécules 
capables de les reconnaître  spécifiquement.
1-5
 
 
 
 
 
 
 
 
 
 
 
                      Figure 1 : ADN télomèrique.5 
 
 
La longueur des télomères se corrèle avec la capacité d’une cellule à se diviser un 
grand nombre de fois.
6,7
 Dans les cellules cancéreuses, il existe une enzyme, la télomérase, 
qui allonge constamment leurs télomères, tandis que dans les cellules somatiques normales la 
télomérase reste inactive.
8,9
 Dans le cas des cellules où la télomérase est active, il a été 
observé que la perturbation de la structure quadruplex peut conduire à l’inhibition de cette 
enzyme ainsi qu’à la mort de la cellule cancéreuse. On constate donc que l’évaluation des 
télomères en tant que cibles pharmacologiques présente un grand intérêt pour la découverte 
de nouveaux principes  anticancéreux. 
   
   
 
 
La stratégie du travail présenté ici est la conception des molécules capables d’inhiber 
la télomérase par stabilisation des G-Quadruplex au niveau des télomères.  
Pour être considéré comme un agent thérapeutique potentiel, une molécule doit présenter une 
forte affinité et une sélectivité pour le G-quadruplex. Parmi les derniers produits candidats au 
ciblage des télomères décrits dans la littérature, on trouve une métalloporphyrine de 
manganèse (III), synthétisée au sein du laboratoire et publiée en 2007.
10
 Ce composé, 
combinant un coeur aromatique et quatre bras cationiques flexibles, s’est avéré capable de 
discriminer par un facteur de 10
4
 entre l’ADN quadruplex et l’ADN duplex (Figure 2). 
 
 Le présent travail cherche à apporter des réponses à la question suivante : Quels sont 
les facteurs moléculaires qui sont responsables d’une telle sélectivité ? Dans ce travail de 
recherche nous nous sommes intéressés au rôle du métal central ainsi qu’à celui des bras 
cationiques encombrants dans l’optimisation des molécules pour le ciblage des télomères. 
 
 
 
 
 
 
 
 
 
 
 
                                      
 
 Figure 2 : Métalloporphyrine de manganèse (III) 
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Trois familles de métalloporphyrines ont été synthétisées en variant la longueur des 
quatre chaînes latérales et la nature du métal central. L’étude du rôle des substituants 
cationiques encombrants a été abordée par la synthèse de métalloporphyrines comportant 
différents substituants en position meso : (i) substituants pyridiniumyl (série TMPyP4 (Meso-
tetrakis(4--methylpyridiniumyl)porphyrin) (ii) substituants rigides (série « bras moyen ») et 
(iii) substituants souples et encombrants (série « bras long ») Figure 4.   
  
 
 
 
 
 
 
 
 
 
 
Figure 3 : Porphyrine TMPyP4 (Meso-tetrakis(4--methylpyridiniumyl)porphyrin), 
porphyrine « Bras moyen » (BM) et porphyrine « Bras long » (BL). 
 
  
 
Le rôle de l’ion métallique central dans la conception de composés interagissant avec 
les télomères à été abordé par la metallation de ces trois familles avec des ions métalliques 
tels que le manganèse(III), nickel(II), cobalt(III) et or(III). Ce choix nous a permis de 
comparer l’influence d’une charge additionnelle au centre (Mn et Au), l’influence des ligands 
axiaux (Co et Mn) et la combinaison des deux (Mn). Un schéma de ces métaux au cœur 
d’une porphyrine est présenté Figure 4. 
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Figure 4 : Schéma des différentes porphyrines utilisées : soit non métallée soit métallée par  
Mn(III), Au(III), Ni(II) et Co(III). 
 
 
 
 Le manuscrit est divisé en cinq chapitres, suivis d’une conclusion générale et 
d’une partie Matériels et Méthodes rappelant les techniques utilisées tout au long de ce travail, 
ainsi que la synthèse et la caractérisation détaillée des métalloporphyrines. 
 
 
Chapitre 1 : Introduction bibliographique 
 
Ce chapitre est divisé en trois parties : d’abord une introduction générale sur les 
propriétés physicochimiques des porphyrines et métalloporphyrines en solution aqueuse. Les 
études liées au nombre de charges positives et à la présence ou l’absence de ligands axiaux en 
fonction du pH sur les différentes métalloporphyrines  utilisées, existant dans la littérature ont 
été résumées. 
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La deuxième partie est focalisée sur le mode d’interaction des porphyrines cationiques 
avec l’ADN double brin. Nous y exposons les différentes techniques utilisées au long des 
dernières vingt années, pour évaluer une interaction avec le sillon ou une intercalation entre 
les paires de bases de l’ADN. 
 
La troisième partie présente des travaux décrits dans la littérature sur l’interaction des 
porphyrines cationiques, plus précisément la porphyrine meso-tetrakis(4--
methylpyridiniumyl)porphyrin (H2-TMPyP4) avec l’ADN quadruplex et leur capacité à 
inhiber la télomérase (Figure 5). Des données structurales sur le mode d’interaction des 
porphyrines avec la séquence télomérique à partir des études de RMN, diffraction de rayon X, 
et spectroscopie UV-vis entre autres, sont ensuite rapportées.
11-16
 D’après toutes ces analyses, 
il semble que le type d’interaction le plus probable entre les porphyrines et la structure G-
quadruplex soit une interaction par « stacking » avec une tétrade externe. En effet, toutes les 
structures existantes des complexes ligand/quadruplex montrent des interactions par 
« stacking » qui semblent cohérentes, étant donné que ce mode d’action est le plus facile 
d’accès.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Etude RMN du complexe formé entre la porphyrin meso-tetrakis(4--
methylpyridiniumyl)porphyrin (H2-TMPyP4) et l’ADN quadruplex situé sur le promoteur du 
gène c-MYC. Le gène c-MYC est un oncogène sur-exprimé dans certaines cellules 
cancéreuses.
15
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Le premier chapitre se termine par un rappel des ligands potentiellement intéressants 
de G-quadruplex pour leur capacité d’interaction avec la structure quadruplex, d’inhibition de 
la télomérase ou/et d’arrêt la prolifération des cellules cancéreuses (Figure 6-7). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 : Structure des dérivées d’acridine RHPS4 et BRACO19.17,18 
 
 
 
 
 
 
 
 
 
   
 
 
 
Figure 7 : Structure du dérivé de triazine 12459 et des dérivées de bisquinolinium 360A et 
307A. 
   
   
 
 
Chapitre 2 : Structure secondaire de l’AD% télomérique 
 
Ce chapitre décrit plus précisément l'ADN G-quadruplex et les différentes topologies 
que peut adopter celui-ci. Au cours des 20 dernières années, plusieurs structures ont été 
décrites à partir des études de RMN et de diffraction de rayon X.
2-5,19,20
 La structure G-
quadruplex est formée par quatre brins d’ADN qui peuvent adopter différentes orientations : 
(i) structure « parallèle » où tous les brins sont parallèles, (ii) une structure « antiparallèle », 
avec deux brins parallèles et les autres deux, antiparallèles et (iii) la structure « mixte », pour 
laquelle trois brins sont parallèle et le quatrième antiparallèle (Figure 9). 
 
 
 
 
 
 
 
 
 
 
Figure 8 : Différentes structures du G-quadruplex déterminées à partir des études de RMN et 
de diffraction de rayon X.
2-5,19,20
 
 
Cette deuxième partie du manuscrit présente les travaux de caractérisation de deux 
oligonucleotides contenant des répétitions télomériques pouvant former un quadruplex, mais 
différant par la longueur des séquences flanquantes (Telo27 : 5’-TTA(GGGTTA)3GGGTTA-
3’ et TTG4A : 5’-TT(GGGTTA)3 GGGA-3’). Ces séquences on été utilisées au cours du 
travail de thèse pour évaluer l’affinité des porphyrines pour la séquence telomeric humaine. 
C’est dans ce but que nous avons décidé de déterminer leurs conformations en différentes 
conditions expérimentales. 
 
Telo27 et TTG4A ont été analysées par spectroscopie de dichroïsme circulaire (DC) en 
présence des cations alcalins Na
+
 et K
+
. Selon des travaux décrits dans la littérature, ces deux 
cations stabilisent et structurent différemment les conformations quadruplex.  
   
   
 
 
A partir des études de DC nous avons pu mettre en évidence que ces deux séquences 
adoptent une structure « antiparallèle » en présence de sodium et une structure  « mixte » en 
présence d’ion potassium. Cette attribution a été effectuée par analogie avec les données de la 
littérature sur des séquences télomériques analogues, en particulier Tel26 (5’-
AAA(GGGTTA)3GGGAA-3’).
5
 
 
Chapitre 3 : Étude de l’interaction des métalloporphyrines avec l’AD% telomeric 
 
Dans ce chapitre nous nous sommes intéressés au rôle du métal central ainsi qu’à 
celui des bras cationiques encombrants dans l’optimisation des molécules pour le ciblage des 
télomères. C’est dans cet objectif que trois familles de porphyrines ont été synthétisées et 
analysées : (i) meso-tetrakis(4--methylpyridiniumyl)porphyrin (TMPyP4), (ii) porphyrine 
« long bras » (LA) et (iii) porphyrine « bras moyen » (MA), par metallation avec nickel(II), 
manganèse(III), cobalt(III) et or(III), Figure 9. 
 
 
 
 
 
 
 
 
 
 
Figure 9 : Structure des porphyrines TMPyP4 (meso-tetrakis(4--methylpyridiniumyl) 
porphyrin), porphyrine « Bras moyen » et porphyrine « Bras long ». 
 
La première partie du chapitre est constituée par un article soumis concernant les 
familles TMPyP4 et la  porphyrine « long bras », cette dernière étant caractérisée par la 
présence des chaînes longues en position meso de la porphyrine. Ces substituents situés à la 
périphérie de la molécule sont cationiques, souples et encombrants en comparaison avec la 
série TMPyP4, pour qui les substituents cationiques sont plus petits et moins encombrants.  
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Des études de résonance plasmonique de surface (SPR) et du transfert d’énergie 
d’excitation par résonance (FRET) ont été réalisées sur chaque série afin d’évaluer leur 
affinité et sélectivité pour la séquence télomèrique. Dans le cas des porphyrines TMPyP4, 
nous avons d’abord démontré que la présence d’une charge positive au cœur du système 
aromatique ne contribue pas à une amélioration notable de l’interaction. Les études ont aussi 
révélé que les ligands axiaux, bien que diminuant l’affinité, augmentent la sélectivité pour le 
G-quadruplex. Ces résultats mettent en évidence que la présence des ligands axiaux sur le 
métal ne gêne pas l’interaction entre la porphyrine et le quadruplex.  
 
De nouvelles études de résonance plasmonique de surface sur la porphyrine Mn(III) 
long bras, ont confirmé la sélectivité exceptionnelle de celle-ci pour le G-quadruplex (KA = 
10
4
 M
-1
 pour l’ADN double brin et 10
7
 M
-1
 pour l’ADN quadruplex) (Figure 10). D’autre part, 
les analyses de FRET sur toute la série « long bras » ont également témoigné que la présence 
de bras encombrants confère à la porphyrine une haute sélectivité pour le quadruplex. 
 
 
Figure 10 : Sensorgrammes (Réponse vs Temps de réaction) de la porphyrine Mn-LB à 
différentes concentrations (30 nM à 3µM)  avec (a) l’ADN G-quadruplex et (b) l’ADN 
double brin. 
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L’excellente propriété d’affinité et de sélectivité de la famille « long bras », a motivé 
les tests de trois molécules de la série sur cellules (H2-LB, Mn-LB et Ni-LB). La porphyrine 
non métallé et la porphyrine de manganèse ont donné des résultats encourageants : malgré 
une faible efficacité d’arrêt de la croissance cellulaire, ces porphyrines inhibent la télomérase 
(IC50 ~ 0.2 µM pour la Mn-LB et IC50 ~ 0.8 µM pour H2-LB), pénètrent dans les cellules et 
induisent une réponse typique des ligands de quadruplex (augmente le signal des anticorps 
γH2AX, Figure 11). 
 
 
 
Figure 11 : γH2AX foci sur cellules HT1080. Réponse de dommage à l’ADN après 
traitement des cellules HT1080 avec Mn-LB. Immunofluorescence pour γH2AX (rouge) et 
Hoechst fluorescence (bleu) sur cellules non traites ou traités pendant 96 h en présence de  
0.5 et 1 µM de Mn-LB. La calicheamycine a été utilisée comme contrôle positif. 
   
   
 
 
La seconde partie de ce chapitre concerne l'étude des ligands comportant les 
substituants phenylpyridiniumyl rigides (porphyrine « bras moyen »). Cette série a été 
synthétisée dans le but d’étudier le rôle des groupes cationiques encombrants, en simplifiant 
le squelette de la porphyrine. Pour ces molécules, les techniques de SPR et FRET ont été 
largement utilisées afin d’analyser leurs interactions avec l'ADN G-quadruplex et double brin. 
Ce travail a permis de déterminer les constantes d'affinités et les propriétés de spécificité de 
chaque ligand. Les résultats montrent que quatre molécules sur les cinq présentent de bonnes 
affinités et sélectivités pour l’ADN quadruplex supérieures de 2-3 ordres de grandeur à son 
affinité pour l’ADN duplex. Des analyses supplémentaires indiquent une probable interaction 
par « stacking » avec la tétrade externe du quadruplex (voir chapitre 5). 
 
Enfin, nous pouvons conclure que la famille « bras moyen » présente la  meilleure 
affinité pour l’ADN quadruplex, mais n'atteint pas l’excellente sélectivité pour l'ADN G-
quadruplex montré par la porphyrine de manganèse Mn-LB. 
 
Dans la dernière partie, nous présentons les études en spectroscopie UV-Vis de la 
porphyrine de cobalt (Co-BM) avec l’ADN quadruplex. Nous avons mis en évidence une 
stoechiométrie de une porphyrine par quadruplex, qui avait également été observée lors des 
analyses de résonance plasmonique de surface. Cependant, l’analyse spectroscopique de  la 
porphyrine non métallé (H2-BM) avec la séquence télomérique témoigne d’une probable 
agrégation de la porphyrine.  
 
 
Chapitre 4 : Interactions des porphyrines cationiques avec le petit sillon de l’AD%  
 
Ce chapitre est focalisé sur l’interaction des porphyrines de nickel et manganèse avec 
le petit sillon de l’ADN duplex. Cette étude utilise la particularité de la porphyrine Mn-
TMPyP4 à induire des dommages oxydants sur l’ADN, ce qui permet de localiser le site de 
fixation de la molécule. 
   
   
 
 
D’après des études dans la littérature et au sein du laboratoire,  les porphyrines Ni-
TMPyP4 et Mn-TMPyP4 ont une forte affinité pour le petit sillon de l’ADN contenant une 
séquence de trois paires de bases AT comme l’indique leur constante d’affinité,                       
KA = 10
6
-10
7
 M
-1
. La stratégie développée consiste à mettre en compétition, afin d’évaluer 
leur affinité pour le petit sillon de l’ADN, la Mn-TMPyP4 et trois porphyrines de nickel (Ni-
TMPyP4, Ni-BM et Ni-BL) (Figure 12). La porphyrine Mn-TMPyP4 est activée en espèce 
formellement écrite Mn(V)-oxo en présence de KHSO5 et est capable d’induire une coupure 
d’ADN dans le petit sillon de l’ADN lorsqu’elle interagit sur un site constitué d’un minimum 
de trois paires de bases AT. Si le compétiteur a une certaine affinité pour le petit sillon de 
l’ADN, on observe une inhibition de l’activité de coupure de la Mn-TMPyP4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12 : Schéma de la stratégie d’inhibition de l’activité de coupure de la Mn-
TMPyP4/KHSO5 par compétition pour le petit sillon de l’ADN. 
Mn-TMPyP4
Ni-BM
Ni-BL
   
   
 
 
A partir des analyses de gel d’électrophorèse, nous avons mis en évidence que les 
chaînes cationiques longues et souples (série « bras long ») et les chaînes cationiques plus 
rigides, telle que des groupes phenyl-pyridiniumyl (série « bras moyen »), empêchent 
l’interaction dans le petit sillon de l’ADN d’une séquence de trois paires de bases AT (Figure 
13). 
 
      
 
Figure 13 : Gel de polyacrylamide dénaturant. Compétition entre la Mn-TMPyP4 et les trois 
porphyrines de nickel pour le petit sillon contenant une séquence de trois paires de bases AT 
(5’-ACGTCGCTTACGATGCAGC/3’-TGCAGCGAATGCTACGTCG). Affinité pour le 
sillon contenant 3AT: Ni-TMPyP4 > Ni-BM ~ Ni-BL 
  Ni-BM       Ni-TMPyP4        Ni-BL 
 10eq 
(20 µM) 
2.5eq 
(5 µM) 
10eq 
(20 µM) 
   
   
 
 
D’autre part, en utilisant un oligonucleotide contenant une séquence de six paires de 
bases AT successives, nous avons pu démontrer que les chaînes cationiques rigides (série 
« bras moyen ») favorisent la fixation dans les sillons, à la difference des porphyrines « bras 
long » qui possèdent des substituents cationiques plus flexibles et encombrants (Figure 14).  
 
 
 
 
 
Figure 14 : Gel de polyacrylamide dénaturant. Compétition entre la Mn-TMPyP4 et les trois 
porphyrines de nickel pour le petit sillon contenant une séquence de trois paires de bases AT 
(5’-GCCGTCTATAATCGACG T/3’-CGTGCAGATATTAGCTGCA). Affinité pour le 
sillon contenant 6AT: Ni-BM > Ni-TMPyP4>Ni-BL 
  Ni-BM        Ni-TMPyP4        Ni-BL 
10eq 
(5 µM) 
20eq 
(10 µM) 
100eq 
(50 µM) 
   
   
 
 
Chapitre 5 : Oxydation photo-induite de l’AD% quadruplex 
 
Dans ce chapitre nous avons analysé les propriétés oxydantes d’un ligand de G-
quadruplex non porphyrinique, trisquinolizinium tris-hexafluorophosphate, TRISQ (Figure 15) 
vis-à-vis de l’ADN quadruplex. Ce composé est un aromatique condensé triscationique qui 
possède un potentiel redox susceptible de lui permettre d’oxyder les bases guanines de 
l’ADN dans son état excité (mécanisme d’oxydation photo-induite) selon les études réalisées 
par Hélène Bertrand (thèse Université Pierre et Marie Curie, 2008). Des analyses par gel 
d’électrophorèse démontrent que le composé est capable d’oxyder les guanines de quadruplex 
et les profils des dommages montrent un mode d’interaction par π-stacking sur les quartets 
externes.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15 : Structure de TRISQ (Trisquinolizinium tris-hexafluorophosphate) 
 
 
Cependant, ce dérivé s’avère moins actifs que la porphyrine H2-TMPyP4 et la H2-BM  
envers l’ADN télomèrique : le même taux de dommage est atteint lorsque, la porphyrine est 
incubée à une concentration de 1 µM pendant 5 minutes d’irradiation, tandis que le TRISQ 
doit être présent à une concentration de 100 µM et nécessite 60 minutes d’exposition à la 
lumière (Figure 16). 
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Figure 16 : Gel de polyacrylamide dénaturant de la séquence télomèrique 5*-
CATGGTGGTT (GGGTTA)4 CCAC-3’. TRISQ (100 µM) été incubé avec l’ADN (1 µM) 
pendant  30 min à 0 °C dans les tampons (a) 10 mM Tris-HCl, pH = 8.0, lignes 19-21 (ADN 
sans structuré) (b) avec 10 mM Tris-HCl, pH = 8.0  et KCl 200 mM, lignes 22-24 (ADN 
structuré), irradiation pendant 0, 30 et 60 minutes. Même expérience pour H2-TMPyP4 et H2-
MA (1 µM) : (a) 10 mM Tris-HCl, pH = 8.0, lignes 3-6 pour H2-TMPyP4 et lignes 11-14 
pour H2-MA (b) 10 mM Tris-HCl, pH = 8.0 et KCl 200 mM, lignes 7-10 pour H2-TMPyP4 et 
lignes 15-18 pour H2-MA, irradiation pendant 0, 5, 10, et 20 minutes.  
 
   
   
 
 
Enfin, on trouvera à la suite de la conclusion, une partie Matériel et Méthodes qui 
détaille les techniques utilisées tout au long de ce travail, ainsi que la synthèse et la 
caractérisation des métalloporphyrines. 
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1.1 ITRODUCTIO 
 
A large range of porphyrins and metalloporphyrins has been studied in the field of 
chemical and photochemical cleavage of DNA since the discovery in 1979, by R. J. Fiel et al. 
that porphyrins are capable of intercalating in DNA.
1
 
 
Porphyrin, an aromatic tetrapyrrolic macrocycle (Figure 1.1), is capable of combining 
with a variety of metals and forms part of the structure of important biological molecules, 
including heme proteins and cytochromes.  
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Figure 1.1 Structure of porphyrin, an aromatic tetrapyrrolic macrocycle. 
 
In addition to their chemical and photochemical properties, porphyrins have been 
known for the richness and sensitivity of their spectroscopic features. Indeed, this macrocycle 
is a highly conjugated system. Consequently, they typically have very intense absorption 
bands in the visible region and they are deeply colored; the name porphyrin comes from a 
Greek word porphyra, meaning "purple pigment". 
 
 Porphyrins bearing cationic peripheral substituents prove to be efficient DNA binding 
agents and are able to promote DNA cleavage by oxidative mechanisms. Several experimental 
evidences were offered by Fiel and co-workers for the intercalation of the meso-tetrakis(4--
methylpyridiniumyl)porphyrin, H2-TMPyP4 (Figure 1.2) into DNA.
1  The form of this 
porphyrin is referred to as the “free base”. 
 
 
 
 
 
 
 
 
 
Figure 1.2 Structure of the meso-tetrakis(4--methylpyridiniumyl)porphyrin, H2-TMPyP4. 
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It was proposed that H2-TMPyP4 binds to DNA in two ways: first, by electrostatic 
binding between the cationic charge of the porphyrin and DNA backbone phosphates, and 
second, by an intercalation of the porphyrin between DNA base pairs. Only two years later, 
the same laboratory demonstrated that this porphyrin, in the presence of visible light, induce 
DNA strand breaks.
2
  On the other hand, the metal complex of the H2-TMPyP4 with iron, Fe
III 
meso-tetrakis(4--methylpyridiniumyl) porphyrin (Fe-TMPyP4), also cause DNA cleavage 
upon incubation in the dark in the presence of a reducing agent.3 
 
In this chapter, we present the main data related to the solution properties of the 
porphyrins and their interactions with double-stranded and quadruplex DNA. The MnIII-
bis(aqua)meso-tetrakis(4--methylpyridiniumyl) porphyrin (Mn-TMPyP4, Figure 1.3) has 
been long used as tool to study the mechanisms of oxidative DNA damage at a molecular 
level because of its high reactivity toward DNA .4-9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3 Structure of the Mn
III
-bis(aqua)meso-tetrakis(4--methylpyridiniumyl) 
porphyrin Mn-TMPyP4. The two water axial molecules are omitted for clarity. 
N
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Although the crystal structures of some porphyrins or metalloporphyrins show some 
distortion from planarity, spectroscopic analysis suggested that the tetrapyrrole ligand can be 
considered as flexible and basically as an aromatic planar entity in solution.
10,11
 In 
metalloporphyrins, the metal may be found either in or out of this plane depending upon the 
metal and its axial ligands. The porphyrin core can be functionalized with a variety of 
hydrophobic, anionic or cationic groups in meso positions. These ligands can also be 
metallated using a large range of metals which modulate the mode of interaction and the 
reactivity with DNA. 
 
Depending on the nature of the metal and substituents on the porphyrin periphery, the 
mechanism of action of these molecules towards DNA should be different.  For example, 
cationic porphyrins derivates possessing bulky substituents on the porphyrin framework or 
two axial bound ligands are too thick for intercalation between two base pairs of DNA. 
However the free ligand H2-TMPyP4 and its square-planar Ni(II)- and Cu(II)-complexes are 
able to intercalate in GC regions of DNA.12-14 
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1.2 SOLUTIO PROPERTIES OF PORPHYRIS AD METALLOPORPHYRIS 
 
The notion of “water soluble porphyrin” implies solubility in water. In 1970, Hambright and 
co-workers studied the acid-base equilibrium of H2-TMPyP4. Adding protons at the pyrroles 
nitrogen positions, it forms mono- and di-acid species (Figure 1.4). Acid-base titrations 
showed only the di-acid-free base (H4-TMPyP4) equilibrium at pKa = 2.2 ± 0.2 in the acid 
range.15,16 
 
 
  
NH
NH N
HN
N
N
N
N
         
NH
NH HN
HN
N
N
N
N
 
 
 
Figure 1.4 (A) Structure of the mono-acid meso-tetrakis(4--methylpyridiniumyl) 
porphyrin, H3-TMPyP4. (B) Structure of the di-acid meso-tetrakis(4--
methylpyridiniumyl) porphyrin, H4-TMPyP4. 
 
 
The pKa values are usually determined by spectrophotometric titrations at fixed 
temperatures and ionic strengths using a constant concentration of monomeric porphyrin and 
variable amounts of added acids or bases.  
(A) 
(B) 
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In the tetraarylporphyrin series, the free base state (H2P) usually has four visible bands in the 
500-700 nm regions at physiological pH, which transform into one or two bands for the green 
di-acids (H4P)
2+.  
 
 Porphyrins and metalloporphyrins can exist in aqueous solutions as monomers, dimers 
or higher aggregates. The free bases cationic porphyrins do not form aggregates at 
micromolar concentration. However, when two of the meso substituents are neutral (for 
example phenyl groups instead methylpyridiniumyl groups) the dicationic porphyrins tend to 
form extended self-aggregates even at micromolar concentration. The porphyrin aggregation 
is evidenced by a substantially red-shifted Soret band accompanied by a significant lowering 
of the absorbance coefficient, as well as the quantum yield of fluorescence.17 
 
A variety of metal ions can be inserted into the porphyrin with the replacing of the 
central protons. The preferred coordination number of the metal is four, five or six. Transition 
metal ions having a “d8” electron configuration commonly form square planar complexes. 
This is the case for palladium(II), platinum(II) and gold(III) porphyrin derivates. 
 
NiII-TMPyP4 exists in water as a mixture of four-coordinated (diamagnetic) and hexa-
coordinated diaquo complex (paramagnetic) which rapidly interconvert.16,18 ZnII-TMPyP4 is a 
five-coordinated species in aqueous solution (square-pyramidal)  with the zinc displaced from 
the porphyrin plane by about 0.3 Å.19 On the other hand, Co(III), Mn(III) and Fe(III) form 
five- or six-coordinate species because they also tend to add axial ligands.20 The overall 
charge of the metalloporphyrins depends on the charge of the metal ion inserted, the nature of 
the axial ligands and the charge of the meso substituents. Depending on the pKa of the axially 
bound water molecules on the porphyrins, the axial ligand may be negatively charged (HO-) 
or neutral (H2O). In the case of (H2O)2-Fe
III(TMPyP4)5+ the pKa  is 5.5 and 11.5.21 For 
(H2O)2-Mn
III(TMPyP4)5+ the pKa  is 8.0 and 10.7  and for (H2O)2-Co
III(TMPyP4)5+ the pKa is 
approximately 6.0 and 10.0.22-24 Consequently, Mn-TMPyP4 is in the form of a five positive 
charged entity with five negative counter ions (H2O)2-Mn
III(TMPyP4)5+ at physiological pH.  
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However, Co-TMPyP4 is in the form of (H2O)(OH)-Co
III(TMPyP4)4+ at physiological pH 
with four positive charges and four negative counter ions as Fe-TMPyP4 (Figure 1.5). 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5     Schematic representations showing the overall charge of the metalloporphyrins 
at physiological pH. 
 
F. L. Harris et al. developed kinetics studies about the dissociation of dimeric forms of 
Fe-TMPyP4 over a wide pH range. Many water soluble Fe(III) porphyrins form oxo-bridged 
dimers referred to as µ-oxo dimers. At physiological pH, Fe-TMPyP4 (10 µM) in 100 mM 
NaCl exist predominantly as monomers whereas at 100 µM at the same salt concentration  
and pH = 8,  is in equilibrium between the monomer and dimer state.21  In 1991, F. C. F. 
Kôrber and co-workers reported the first crystal structure of the monomeric diaquairon(III) 
porphyrin FeIII-TMPyP4.25 The crystal structure of the monomeric diaquamanganese(III) 
porphyrin MnIII-TMPyP4 was published two years later by S. Prince. 26 
 
 The configuration of Ni(II), Pt(II), Pd(II), Cu(II) and Au(III) is so stable within the 
porphyrin that oxidation and reduction usually involve only the porphyrin π-system.19 
Interestingly, the rigidity of the porphyrin macrocycle precludes the reduction of Cu(II) to 
Cu(I), which adopts a tetrahedral coordination in the reduced state. I. Batinic-Haberle and co-
workers analyzed the redox and electrostatic properties of MnIII-TMPyP4.  
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Their results showed that metal-centered redox behaviour is reversible and the corresponding 
half-wave potential, E1/2 is +0.06 V versus NHE for Mn(III)/(II).
27 While MnIII-TMPyP4 is 
stable in vitro under usual aerobic conditions, in vivo it is probably present in the reduced 
state MnII-TMPyP4. The same conclusion stands for FeIII-TMPyP4, which half-wave potential 
is E1/2 = +0.719 V versus NHE for the Fe(III)/Fe(II) couple.
28 Studies on Co-TMPyP4 
reported by D. F. Rohrbach et al., gave a potential value of E°’ =  +420 V vs NHE in 0.5 M 
NaNO3/0.01 M HNO3 for the Co(III)/Co(II) couple.
29  
 
 Iron and manganese porphyrins are able to mimic the chemistry of the heme enzymes, 
cytochrome P450 and peroxidases in association with oxygen atom donors. They are excellent 
catalysts for oxygen atom transfer as well as electron transfer reactions when properly 
activated into high-valent metal-oxo species. This reactivity was largely used to perform 
oxidative DNA damage with Fe- and Mn-TMPyP4 porphyrins.4,6,7,9 
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1.3 CATIOIC PORPHYRIS ITERACTIOS WITH DOUBLE STRADED 
DA  
 
1.3.1 Physicochemical studies of porphyrin-nucleic acids interactions 
1.3.2 Porphyrin - GC rich DNA interaction 
1.3.3 Porphyrin - AT rich DNA interaction 
 
 
1.3.1 Physicochemical studies of porphyrin-nucleic acids interactions 
 
Understanding the modes of the binding of porphyrins to DNA and the factors that can 
affect the binding is of fundamental importance in understanding DNA binding in general. 
The binding mode of tetracationic porphyrins and their corresponding metalated species onto 
DNA has been studied by numerous physicochemical methods such as circular dichroism, 
linear flow dichroism, fluorescence, spectrophotometric titrations, viscosity, NMR, melting 
studies, Raman and equilibrium dialysis. 
 
Earlier studies of porphyrins-nucleic acids interactions proved that H2-TMPyP4 bound 
to calf thymus DNA (CT DNA) by intercalation and by external electrostatic association (R. J. 
Fiel et al., 1979). This was concluded from the results of measurements involving Scatchard 
analysis, viscometry, thermal denaturation and circular dichroism.1  
 
R. F. Pasternack et al. (1983) investigated the DNA interactive nature of certain 
metalloporphyrin derivatives of H2-TMPyP4 by spectral and circular dichroism experiments. 
Their findings indicated that binding selectivity for either AT or GC rich regions in DNA is a 
property of some tetrapyrrole 1igands.30 M. J. Carvlin et al. were also interested in the 
intercalative or nonintercalative binding properties of different H2-TMPyP4 derivates to CT 
DNA determined by physico-chemical analyses (absorption spectroscopy, viscometry, and 
circular dichroism).31 Later, utilizing linear dichroism, circular dichroism and fluorescence 
energy transfer, U. Sehlstedt et al. studied the binding of a series of Co(III) porphyrins and 
their free ligands with CT DNA (Figure 1.6).32  
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  (A)                                                                        (B)   
 
 
Figure 1.6 (A) Absorption spectra of Co-TMPyP4 and H2-TMPyP4 bound to CT DA. (B) 
CD spectra of CT DA complexed to Co-TMPyP and H2-TMPyP4.
32
 
 
According to U. Sehlstedt et al. work, the free-base H2-TMPyP4 which does not have 
axial ligands, shows a substantial red-shift at the Soret maximum (~20 nm) and a  negative 
CD bands in the visible regions upon binding to CT DNA. These observations indicated that 
the non-metallated porphyrin has strong interactions with the bases of DNA. In contrast, for 
Co-TMPyP4 which have axial ligands attached to the metal ion, red shift of 5 nm of the Soret 
band maxima and rather strong, positive induced CD bands are observed in the visible regions 
when they are complexed with CT DNA. The diaxially liganded metalloporphyrins have a 
ligand-metal-ligand distance of approximately 7-10 Å. In the case of Zn-TMPyP4, which is 5 
coordinate and does not intercalate, has an approximate “thickness” of 5 Å.30 Since the 
spacing between base pairs adjacent to an intercalated ligand is ~6.8 Å, cationic 
metalloporphyrin possessing even one axial group is too thick for intercalation into DNA.32 
Linear dichroism methods can provide information on the orientations of drug 
molecules with respect to the DNA bases and distinguish between classical intercalation 
complexes and other types of conformations. Using this technique, N. E. Geacintov et al. 
(1987) studied the differences in the interaction of H2-TMpyP4 and Zn-TMpyP4 when bind to 
DNA.33 
300                        400                        500                        600 200             300             400           500            600           700 
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The photoproperties of organic molecules and metal complexes are affected by 
binding to DNA. Fluorescence spectrum and intensity of the porphyrins change substantially 
in the presence of DNA. Indeed, the photophysical properties of the porphyrins are sensitive 
to the base composition of the polynucleotide.
34
 
 
D. L. Banville et al. (1983) found that 31P NMR was an excellent method for analysis 
of conformational effects involved in the binding of organic intercalators, simple metal 
species and base binding metal compounds to DNA. Spectral results suggested that H2-
TMPyP4 and its Ni(II) derivative can bind to DNA by intercalation  while the Zn(II) 
derivative does not intercalate.35 In aqueous solution, Ni-TMPyP4 exists as a six- (diaqua) to 
four-coordinate equilibrium mixture. The equilibrium position is dependent on the 
environment and on polymer binding. Resonance Raman spectroscopy provides well-defined 
bands for each form as shown Figure 1.7.36 
 
               
(A)  457.9 nm
(B) 406.7 nm
(C) poly (dAdT)2: 457.9 nm
(D) poly (dGdC)2 : 457.9 nm
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Figure 1.7 Raman spectra of i-TMPyP4 with (A) 457.9 nm excitation, (B) 406.7 nm 
excitation, (C) with poly(dAdT)2 and 457.9 nm excitation and (D) with poly(dGdC)2 and 457.9 
nm excitation.
36
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The four-coordinated species of Ni-TMPyP4 has a 418 nm Soret band and its bands 
are selectively enhanced by 406.7 nm excitation. Likewise, the bands of the six-coordinate 
species (Soret at 440 nm) are enhanced by 457.9 nm excitation. Figure 1.7A-B clearly shows 
that specific modes are selectively enhanced by the two different excitations. For example, 
peaks at 1380, 1480 and 1580 cm-l are stronger for 406.7 nm compared to 457.9 nm excitation. 
In the Raman spectra of Ni-TMPyP4 with poly(dAdT)2 and poly(dGdC)2 (Figure 1.7C-D) the 
most obvious changes upon addition of these polymers were the disappearance of the peaks at 
1350, 1450 and 1550 cm-1 of the six coordinates species. 
 
 
Apparent equilibrium constants for H2-TMpyP4 and its metal derivative, Zn-TMPyP4, 
with [poly[d(A-T)2] or poly[d(G-C)2] were measured by equilibrium dialysis experiences (J. 
A. Strickland et al., 1988). These studies allowed them to assess both GC vs AT selectivity 
and the importance of charge interactions in influencing the binding. In comparison, apparent 
equilibrium constants obtained by equilibrium dialysis for H2-TMPyP4 to poly[d(G-C)2] and 
to poly[d(A-T)2] were approximately the same as those reported by Pasternack et al. (H2-
TMPyP4/ poly[d(G-C)2] =  7.7 10
5
  M-1  by visible spectroscopy) and Kelly et al. (H2-
TMPyP4/ poly[d(G-C)2] =  1 10
6
  M-1   by fluorescence techniques).30,34 In the case of Zn-
TMPyP4, selectivity for AT sites over GC sites with apparent equilibrium constant of 6 106 
M-1 and 3 104 M-1 for poly[d(A-T)2]  and poly[d(G-C)2] respectively at 0.065 M of [Na
+], was 
reported.30,37  
 
1.3.2 Porphyrin - GC rich DA interaction 
 
The type of interaction between the porphyrin and DNA depends on the ability of the 
porphyrin to attain temporarily a planar configuration, on the nature of the metal associated, 
on the presence of axial ligands and on the base composition of the polymer.  
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The nature of the interaction with GC-rich DNA appears to be intercalative when the 
porphyrin can adopt a planar state such as H2-TMPyP4, H2-TMPyP3 (Figure 1.8) and with 
square planar Ni(II)- and Cu(II)- porphyrins. The linear dichroism of H2-TMPy4 determined 
by N. E. Geacintov et al. (1987) was consistent with an intercalative conformation in which 
the plane of the porphyrin ring system is nearly parallel to the planes of the DNA bases.33 
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Figure 1.8 The structures of (A) H2-TMPyP4, (B) H2-TMPyP3 and (C) H2-TMPyP2. 
 
 
The X-ray structure of CuII-TMPyP4 in a complex with a hexamer duplex DNA 
[d(CGATCG)]2, shown that the porphyrin binds by intercalation between the C and G of a 5’-
TCG strand and by displacing the C of the 5’-CGA complementary strand (Figure 1.9). Two 
pyridyl rings are located in each groove of the DNA. The porphyrin does not form van der 
Waals stacking contacts with adjacent bases even though the porphyrin heterocycle is located 
directly within the DNA helical stack and the copper atom is near the helical axis. Van der 
Waals stacking criterion is interatomic distance <3.35 Å. In this system, the distance between 
pyridyl groups and the DNA backbone is 9 Å while only 1 Å is between the porphyrin 
heterocycle and a DNA base.38 
(A) (B) 
(C) 
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Figure 1.9  Structure of a DA-Cu
II
-TMPyP4 complex. Porphyrin molecules (in purple 
colour) hemiintercalate at the C-G steps of [d(CGATCG)]2 such that two porphyrins bind to 
each hexamer duplex. The porphyrin binds by normal intercalation between the C and G of 5’ 
TCG and by displacing the C of 5’ CGA. The DA forms a distorted right-handed helix with 
only four cross-strand Watson-Crick base pairs. The complex appears to be extensively 
stabilized by electrostatic interactions between positively charged nitrogen atoms of the 
pyridyl rings and negatively charged phosphate groups of the DA.
38
 
 
This structure corresponds to an intercalation within only one strand of DNA at the end of the 
duplex and may not reflect interaction inside a double helix. 
 
1.3.3 Porphyrin - AT rich DA interaction 
 
 DNA footprinting and molecular modelling studies reported by K. G. Ford et al. in 
1995, provided evidence that H2-TMPyP4 and its Ni and Pd derivates interact with the AT-
rich minor groove region of a B-DNA duplex.  
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They concluded that although all three porphyrins bind to the same sequences, there are real 
differences in their effects on neighbouring sequences. The nature of the metal ion 
coordinated with the porphyrin may impose differing conformational constraints on the 
porphyrin ring that transmit to the local DNA sequence.
39
 
 
M. B. Benett et al. reported the crystal structure of a B-type DNA hexanucleotide 
duplex complexed with the porphyrin Ni-TMPyP4.  Contrary to expectation, the molecule 
was not intercalated into the duplex but was stacked onto the ends of the two-duplex stack. A 
second mode of porphyrin binding was shown as a consequence of crystal packing, which 
places the ligand in the minor groove of an adjacent duplex (Figure 1.10). 
 
(A)                                                             (B) 
 
Figure 1.10 (A) Crystal structure of a B-type DA   
hexanucleotide duplex complexed with two    
molecules of i-TMPyP4 stacked onto the ends of 
the duplex (B) A view of the minor-groove looking 
directly down the groove. The nickel atom is shown 
as a green sphere, and the carbon atoms of the 
porphyrin molecule are shown in purple.
40
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For the metalloporphyrins having axial bound ligands such as those with Mn(III), 
Fe(III), Co(III) and Zn(II) the intercalation is blocked and outside binding occurs. The outside 
binding corresponds to an interaction in the minor groove of DNA, likewise Zn-TMPyP4 is 
oriented at an angle of 62-67° and Co-TMPyP4 42-45°  with respect to the axis of DNA.32,33 
Mn-TMPyP4 clearly interacts in the minor groove of AT-rich sequences as proved by the 
cleavage of the two 3’ sides of both DNA strands which is signature of its interaction within 
the minor groove (Figure 1.11). This specific mechanism of cleavage can be ascribed to the 
high negative potential and the narrow width of minor groove in AT rich sequences (3,5-4Å) 
compared to 6Å for B-DNA or even higher values for GC polymers.41-43  
 
 
 
Figure 1.11 Schema of the Mn-TMPyP4 interacting in the minor groove of an AT-rich 
DA.
6 
 
Molecular modelling studies of the interaction between oxo-manganese species, 
confirmed that the minor groove interaction is possible for di-axially liganted porphyrins.44 
Minor groove binding porphyrins have a significantly higher affinity for AT-rich sequences 
due to the particular properties of the minor groove of these regions of DNA and the very 
special fitting of the 4-N-pyridiniumyl substituted porphyrins inside the groove. 
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In the particular case of minor groove binding manganese porphyrins, the number of 
charges on the porphyrin macrocycle affected the DNA affinity of the compounds. DNA 
cleavage of a series of manganese porphyrins having different substituents at the meso 
position (a neutral para-toluene moiety and a positively charged 4--methylpyridiniumyl 
moiety (Figure 1.12) showed that the reduction of the total charge on the complex, decreased 
the amount of cleavage.45 
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Figure 1.12 Structure of a series of manganese porphyrins having different substituents at 
the meso position (a neutral para-toluene moiety and a positively charged 4--
methylpyridiniumyl moiety) 
 
 
The shape of the molecule also affects significantly the DNA affinity. Porphyrin 
derivates with 2-N-methylpyridiniumyl groups (H2-TMPyP2, Figure 1.13) which are 
perpendicular to the plane of the porphyrin ring are compounds with a broad axial dimension 
(~ 9 Å) compared to the compounds with para-toluene/pyridiniumyl series (~ 6 Å). In these 
cases (porphyrin derivates with 2-N-methylpyridiniumyl groups) changes in total charge and 
charge arrangement do not significantly influence specificity. A shape change, blocks ligand 
contact with the minor groove and relaxes the AT specificity, causing the compound to cleave 
at both AT and GC sites. The differences, in binding sequence specificity, were interpreted in 
terms of electrostatic and steric effects associated with both the porphyrins and the minor 
groove of DNA.45 
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Figure 1.13 Structure of H2-TMPyP2 
 
 
The surface of minor groove of AT-rich regions of DNA, possesses a high negative 
potential that attracts positively charged molecules.
46,47
 The minimum Mn-TMPyP4 cleavage 
site is composed of three AT base pairs. Indeed, this preferred binding site is the place of an 
elevated specific cleavage reaction. 
6,48
 
 
 Cationic porphyrins are endowed with high binding constants for nucleic acids. Metal 
H2-TMPyP4 derivates devoid of axial ligands show binding constants in the range of 10
6
 M
-1
 
for double stranded DNA.
34
 Metallated porphyrins bearing axial ligands, bind strongly to AT-
rich sequences compared to GC-rich sequences: 10
6
-10
7
 M
-1
 for AT-rich sequences and 10
4
-
10
5
 M
-1
 GC-rich sequences.
34,49,50
 Likewise, the binding constant of Mn-TMPyP4 for the 
minor groove of three consecutive AT base pairs is on the order 10
6 
-10
7
 M
-1
. 
5-7,34,48,49
 
 
The influence of ionic strength on the binding of water soluble porphyrins to nucleic 
acids was also studied. H2-TMPyP4 is able to intercalate into DNA as well as poly(dG-dC). 
Intercalation which occurs in GC-rich regions leads to a large bathochromic shift of the Soret 
band (>20 nm), substantial hypochromicity of the Soret maximum (-40%) and an induced 
circular dichroism band in the Soret region having negative ellipticity.  
N
H
N
N
N
H
N N
NN
   
  CHAPTER 1 
  Introduction   
 - 19 - 
 
Interaction with AT-regions is of an “external” type involving at best only partial 
intercalation into the duplex. For these interactions the Soret band is shifted only 9 nm to 430 
nm with 7% hypochromicity and the circular dichroism spectrum involves a single positive 
band in the Soret region.
30
 
 
The nature of the binding of H2-TMPyP4 to DNA is ionic strength dependent.
31,33,51
 
The apparent binding constants decreases and the porphyrin molecules are shifted from GC 
intercalation sites to external AT sites when the salt concentration increases.  The binding of 
H2-TMPyP4 to poly(dG-dC) and calf thymus DNA in different salt conditions was studied on 
UV-Vis and circular dichroism experiments by R. F. Pasternack et al. in 1989. Calf thymus 
DNA is a natural DNA with 39% GC and 61% AT base pairs content. Likewise, the 
interaction of H2-TMPyP4 with these mixed polymers showed to be dependent on bulk ionic 
strength with GC preference at low [Na+], converting to AT preference when [Na+] is 
increased (Figure 1.14).30 
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Figure 1.14 (A) Absorbance of solutions containing H2-TMPyP4 and calf thymus DA as a 
function of [a
+
]: 0.0040 M, 0.052 M, 0.50 M and 2.0 M. (B) Induced circular dichroism 
spectra in the Soret region for the solutions described in (A).
51
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1.4 ITERACTIO OF CATIOIC PORPHYRIS WITH QUADRUPLEX DA  
 
1.4.1 Cationic porphyrins as G-quadruplex interactive agents in human tumor cells. 
1.4.2 Crystal structure of quadruplex-porphyrin complex. 
1.4.3 Biophysical studies of quadruplex-porphyrin complex. 
1.4.4 Porphyrins and non telomeric DNA interactions. 
1.4.5 Other quadruplex ligands. 
 
 
1.4.1 Cationic porphyrins as G-quadruplex interactive agents in human tumor cells 
 
Cationic porphyrins have been extensively studied as quadruplex ligands. The 
porphyrin H2-TMPyP4  was shown to bind the human telomeric quadruplex sequence and to 
promote telomerase inhibition.
52-54
  
 
 E. Izbicka et al. reported in 1999 the effects of cationic porphyrins as G-quadruplex 
interactive agents in human tumor cells. They observed that H2-TMPyP4 is a telomerase 
inhibitor at low micromolar concentrations (Figure 1.15). Furthermore, this porphyrin was 
shown to be relatively non-toxic to cells at levels that can inhibit telomerase.55  
 
In 2002, C. L. Grand et al. demonstrated that H2-TMPyP4 cause a decrease in c-MYC 
and human telomerase expression and inhibition of tumor growth in vivo. c-MYC is an 
oncogene present in a variety of human tumors that bears the potential in its promoter to form 
a G-quadruplex. Moreover, hTERT, the catalytic subunit of telomerase, is partially under 
control of c-MYC. Therefore, since H2-TMPyP4 inhibits c-MYC expression and hTERT is 
controlled by this transcription factor, it explains the effect of this porphyrin on telomerase 
activity. As further validation of the potential anticancer activity of H2-TMPyP4, they 
performed in vivo studies on mice. The treatment with H2-TMPyP4 resulted in a prolongation 
of survival and decrease of tumor growth.52  
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Figure 1.15 Long-term inhibition of telomerase activity by a porphyrin H2-TMPyP4 in intact 
MCF7 human breast carcinoma cells. (A) Autoradiogram for the telomerase activity assay in 
MCF7 cells extracts. (B) Concentration dependence of telomerase activity inhibition. (C) 
Time dependence of telomerase inhibition by TMPyP4.
55
 
 
 
Telomerase consists of two major components, a functional or template RNA (hTR) 
and an hTERT catalytic subunit. It is responsible of the maintenance of telomere length by 
adding telomeric repeats onto the 3’ -ends of chromosomes. Active telomerase has been 
detected in a majority of human cancer cells but not in normal somatic cells, which has made 
telomerase an attractive target for the design of anticancer drugs. 
Human breast carcinoma cells 
(MCF7) 
Human breast carcinoma cells 
(MCF7) 
(A) 
(C) 
(B) 
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In 2003, M. Y. Kim et al. studied the biological effects of telomestatin (Figure 1.16A) 
and H2-TMPyP4. Telomestatin is a natural product isolated from Streptomyces anulatus and 
has been shown to be a very potent telomerase inhibitor (5 nM) in comparison to H2-TMPyP4 
(which is at least two orders of magnitude less potent).  
  
       
  
 
 
 
 
 
 
 
 
 
Figure 1.16 (A) Structure of telomestatin (B) Effects of telomestatin and H2-TMPyP4 on the 
formation of intramolecular G-quadruplex from the human telomeric sequence d[TTAGGG]4 
and its mutant sequence d[TTAGAG]4. End-labeled oligonucleotides were incubated with 
various concentrations of telomestatin and H2-TMPyP4 in reaction buffer. Two bands 
corresponding to linear DA and G-quadruplex were identified.
54
  
 
 
The structural similarity between telomestatin and a G-tetrad suggested that the 
telomerase inhibition might be attributable to the ability of telomestatin to interact directly 
with G-quadruplex structures and thereby sequester single-stranded d[TTAGGG]n primer 
molecules required for telomerase activity. Their studies demonstrated that telomestatin 
induces and stabilizes intramolecular G-quadruplex structures (Figure 1.16B) and prevents 
them from being disassembled, whereas H2-TMPyP4 preferentially facilitates the formation 
of and then interacts with intermolecular G-quadruplex structures.54 
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1.4.2 Crystal structure of quadruplex-porphyrin complex 
 
G. N. Parkinson et al. reported in 2007 the crystal structure of a biomolecular human 
telomeric quadruplex d(TAGGGTTAGGG), in a complex with H2-TMPyP4 to a resolution of 
2.09 Å. The crystals revealed a parallel-stranded quadruplex with propeller loops that interact 
with two independent H2-TMPyP4 molecules.
56 This quadruplex topology is in accordance 
with previous reported crystal structures and NMR determinations of bimolecular G-
quadruplex containing the human telomeric sequence.57,58 The interaction of H2-TMPyP4 
with the quadruplex structure does not show any binding by π−π stacking with an external G-
tetrad.  The structure defines a novel binding mode since it is not directly in contact with the 
G-tetrads but stacked between base pairs that appear to be formed for ligand binding (Figure 
1.17). 
 
 
Figure 1.17 X-ray structure of the porphyrin H2-TMPyP4 (in red) bound to the 
d(TAG3T2AG3) bimolecular G-quadruplex.
56
 
 
V. A. Bloomfield et al. reported in 1997 the crystal structure of a parallel quadruplex 
formed by d(TGGGGT).59 This four-stranded quadruplex has been employed for binding 
studies of new ligands because of their symmetry, uniform groove structure, and end group 
variability.60 This parallel-stranded guanine quadruplex has four nearly equivalents grooves 
that range in size from 2.2 to 3.3 Å.61 Interestingly, these grooves are significantly smaller 
than the minor groove of duplex DNA, which is where externally bound porphyrins 
reside.59,62  
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1.4.3 Biophysical studies of porphyrin-quadruplex interactions 
 
The mode of ligand binding to G-quadruplex DNA is classified as: (i) end stacking, 
when one ligand binds to one face of a single guanine tetrad (ii) intercalation, when a ligand 
binds between two guanines tetrads and (iii) external interaction, when a ligand binds with 
the G-quadruplex grooves.63,64 In this section we will focus on the existing studies of the end 
stacking and intercalation modes.  
 
(i) End stacking interaction 
The free-base porphyrin H2-TMPyP4 which is similar in width to a guanine quartet, 
has been proposed to bind to G-quadruplex both by end stacking and intercalation, although 
the existence of the latter binding mode is under dispute in the literature. R. T. Wheelhouse et 
al. performed UV and RMN studies which strongly suggested that H2-TMPyP4 binds to 
quadruplex DNA by stacking externally on the G-tetrads (Figure 1.19).65-67  
 
In 2001, H. Han et al investigated the binding modes of the three cationic porphyrins, 
H2-TMPyP2, H2-TMPyP3 and H2-TMPyP4 (Figure 1.18) with parallel G-quadruplex by 
photocleavage experiments. The results revealed that H2-TMPyP3 and H2-TMPyP4 appear to 
bind to parallel G-quadruplex structures through external stacking at the ends rather than 
through intercalation between the G-tetrads.63 
 
 
 
 
 
 
 
 
 
 
Figure 1.18 The structures of H2-TMPyP4, H2-TMPyP3, and H2-TMPyP2. 
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Figure 1.19 Minimized model of a 2:1 complex between H2-TMPyP4 and the human 
d(AGGG[TTAGGGG]3 quadruplex. The sugar phosphate backbone is colored in yellow, 
guanines in cyan, adenines in green, thymines in orange, and the porphyrin in blue and white. 
Figure extracted from reference 66. 
 
 
In 2004, L. R. Keating and V. A. Szalai reported parallel-stranded quadruplex 
interactions with Cu-TMPyP4 studies by UV-Vis titration, circular dichroism (CD) and 
electron paramagnetic resonance (EPR) spectroscopy.  They proposed 3:1 binding 
stoichiometry between Cu-TMPyP4 and d(T4G8T4) where two molecules of Cu-TMPyP4 
stack externally at ends of guanine run and the third one, intercalates between guanines 
planes.68 
 CHAPTER 1 
Introduction  
 - 26 - 
 
In 2005, A. T. Phan et al. determined the structure of the complex formed by G-quadruplex 
DNA (found in the c-MYC promoter region) and H2-TMPyP4 by NMR studies (Figure 
1.20).69 
 
 
 
Figure 1.20 MR structure of the complex formed by tetra-(4--methylpyridiniumyl) 
porphyrin with monomeric parallel-stranded DA quadruplex, c-MYC promoter.
69
 
 
 
In 2006, H. Mita et al. also studied the complex H2-TmPyP4 and parallel G-
quadruplex DNA formed from a single repeat sequence of the human telomere, d(TTAGGG) 
by CD and NMR studies. The study demonstrated that H2-TMPyP4 presents a stacking 
interaction with the G4 quartet as well as the A3 adenine bases of the G-quadruplex DNA, 
that is a G-A interface interaction (Figure 1.21).70 
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Figure 1.21 Formation of a complex between H2-TMPyP4 and parallel G-quadruplex DA 
formed from a single repeat sequence of the human telomere, d(TTAGGG). The binding of 
H2-TMPyP4 to the A3pG4 step of [d(TTAGGG)]4 was found to be stabilized by the π−π 
stacking interaction of the porphyrin ring of TMPyP4 with the G4 quartet as well as the A3 
bases of the G-quadruplex DA.
70
 
 
(ii) G-quadruplex intercalation 
 
In 1998, N. V. Anantha et al. investigated the interaction of H2-TMPyP4 with the 
simple quadruplex formed by T4G4 and with the duplex CGC GAT ATC GCG by visible 
absorption, circular dichroism and fluorescent energy transfer experiments. All data suggested 
that H2-TMPyP4 binds to both the quadruplex and duplex via intercalation at low 
[porphyrin]/[DNA] ratios. Besides, analysis of Scatchard plots showed that H2-TMPyP4 binds 
to the quadruplex with an affinity 2 times greater compared with duplex DNA.71 
 
In 1999, I. Haq et al. examined the interactions of H2-TMPyP4 with three biologically 
relevant but distinct DNA tetraplexes (Figure 1.22): the intramolecular 15-mer and 22-mer 
structures d(G2T2G2TGTG2T2G2) and d(AG3[T2AG3]3) and the intermolecular [d(T4G4)]4 
structure formed from parallel 8-mer strands. 
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Figure 1.22 Scheme of the three tetraplexes examined with the folding topologies and  
5’→ 3’strand alignments for each DA system. (A) d(G2T2G2TGTG2T2G2), (B) [d(T4G4)]4 
and (C) d(AG3[T2AG3]3).
64 
 
Isothermal titration calorimetry (ITC), UV absorption spectrophotometry, and molecular 
modeling methods were used to determine the stoichiometry and thermodynamics for binding 
to each DNA structure. These studies indicated that the cationic H2-TMPyP4 porphyrin binds 
to DNA tetraplexes by intercalation and that the saturating stoichiometry appears to correlate 
with the number of stacked G-tetrad planes in the host structures (Figure 1.23).64 
 
(A)                                                    (B)                                      (C)   
 
Figure 1.23 Energy-minimized structures for possible intercalation of the [d(TG4T)]4 
tetraplex with (A) 5‘-G*GTT (1:1 binding), (B) 5‘-TGG*GGT (1:1 binding) and (C) 5‘-
TG*G*G*GT (3:1 binding), where each asterisk denotes a H2-TMPyP4 ligand.
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In 2004, L. R. Keating and V. A. Szalai reported the interaction of Cu-TMPyP4 
(derivative of H2-TMPyP4) with the parallel-stranded G-quadruplex formed by d(T4G4T4) and 
d(T4G8T4) (Figure 1.24). They proposed, after electron paramagnetic resonance studies (EPR), 
that those Cu-TMPyP4 molecules externally stack at each end of the run guanines for both 
parallel quadruplex. Furthermore, their data were consistent with intercalation of a Cu-
TMPyP4 molecule into the d(T4G8T4) parallel G-quadruplex.
68 
                                   
 
 
Figure 1.24 Structure of Cu-TMpyP4. Sequences and schematic diagram of G-quadruplex-
forming oligonucleotides d(T4G4T4) and d(T4G8T4). 
 
 
 
In 2006, C. Wei et al have done a spectroscopic study on the interaction of porphyrin 
with G-quadruplex DNA. They examinated the interaction of H2-TMPyP4 with three distinct 
G-quadruplex: parallel-stranded (TG4T)4, dimer-hairpin-folded (G4T4G4)2 and monomer-
folded AG3(T2AG3)3 (Figure 1.25) by ultraviolet resonance Raman spectroscopy (UVRR), 
UV−vis absorption spectroscopy, fluorescence spectroscopy, and surface-enhanced Raman 
spectroscopy (SERS).72 The data obtained showed that the binding stoichiometry of H2-
TMPyP4/G-quadruplex is 2:1 for (TG4T)4 and 4:1 for (G4T4G4)2 or AG3(T2AG3)3. 
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                    (A)                                      (B)                                     (C) 
 
 
 
 
Figure 1.25  Schematic diagrams of (A) (TG4T)4, (B) (G4T4G4)2, and (C) AG3(T2AG3)3 G-
quadruplex in the study. Arrows denote 5‘ → 3‘ strand alignment for each DA.
72
 
 
 
The results of SERS spectra, UV-Vis absorption titration, and fluorescence emission spectra 
together with the binding stoichiometries reveal that two H2-TMPyP4 molecules are 
externally stacked at two ends of the parallel (TG4T)4 G-quadruplex, whereas H2-TMPyP4 
molecules can intercalate within their diagonal or lateral loop regions and intervals between 
two G-tetrads for (G4T4G4)2 and AG3(T2AG3)3 G-quadruplex.
72 
 
1.4.4 Porphyrins and non telomeric DA interactions 
 
A. Joachimi et al. investigated if G-quadruplex-binding porphyrins are suitable for 
control the anticoagulant activity of a G-quadruplex-containing aptamer that binds and 
inhibits human α-thrombin (Figure 1.26). 
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Figure 1.26 H2-TMPyP4 as antidote of the anticoagulant DA aptamer. Complex of DA 
aptamer and human α-thrombin (left) and free α-thrombin (right).
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Aptamers are nucleics acids generated in vitro that are able to specifically bind to 
ligands such as proteins. They are highly effective in inhibiting blood coagulation and thus act 
as anticoagulants. In applications, such as cardiopulmonary bypass surgery, it is crucial to 
reverse the anticoagulant effect. A. Joachimi et al. demonstrated that H2-TMPyP4 is able to 
bind to G-quadruplex-containing aptamer and hence interferes with its active conformation. 
Consequently, H2-TMPyP4 antagonizes the aptamer-mediated inhibition of blood clotting in a 
concentration-dependent manner, thus representing a true small molecule antidote of the 
anticoagulant DNA aptamer.73 
 
M. Wieland et al. were interested in developing nucleic acid modules that allow the 
regulation of attached functional nucleic acid sequences. It was demonstrated that G-rich 
sequences are well suited as regulatory motifs for RNA cleavage activity. They were able to 
identify H2-TMPyP4 as the strongest ribozyme inhibitor known to date. On the other hand, 
guanosine-rich sequences were introduced as switching devices for functional nucleic acids 
(Figure 1.27).  
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The introduction of G-rich sequences involved the destabilization of the catalytic core. Indeed, 
the resulting sequence exhibited only low cleavage activity.  However, the addition of H2-
TMPyP4 resulted in enhanced cleavage activity 
 
A possible explanation for the inhibitory mechanism could be that the porphyrin 
derivative binds next to the three helix junction within the catalytic core. This part contains 
G–A as well as three-base pairs that would allow extended stacking interactions. Binding 
directly to the catalytic core would explain the pronounced effects of H2-TMPyP4.
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Figure 1.27 Guanosine-rich sequences were introduced as switching devices for functional 
nucleic acids. H2-TMPyP4 was identified as the strongest ribozyme inhibitor known to date. 
When quadruplex-forming, G-rich sequences were attached to the ribozyme, the H2-TMPyP4-
mediated response was inverted from inhibition to activation of the ribozyme reaction. (A) 
Structure of the wild-type ribozyme (wt-HHR) in complex with the substrate strand. The 
arrow indicates the substrate cleavage site. (B) Structure of the HHR variant containing a G-
rich loop.
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1.4.5 Other G-quadruplex-interactive  ligands 
 
Several research groups have searched for small organic molecules that can bind to G-
quadruplex and hence block telomerase activity or inhibit G-quadruplex-related gene 
expression. In this section we present some of the most important quadruplex ligands that it 
has been reported.  
 
 
O. Y. Federoff et al. reported in 1998 structural studies of parallel G-quadruplex 
binding by the telomerase-inhibiting compound ,‘-bis[2-(1-piperidino)ethyl]-3,4,9,10-
perylenetetracarboxylic diimide (PIPER) shown in Figure 1.28. 
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Figure 1.28 Structure of ,‘-bis[2-(1-piperidino)ethyl]-3,4,9,10-perylenetetracarboxylic 
diimide (PIPER). 
 
 
A set of NMR titrations of the ligand into solutions of G-quadruplex using various 
oligonucleotides related to human telomeric DNA showed strong and specific binding of the 
ligand to the G-quadruplex. In the case of the d(TTAGGG)4 sequence, the PIPER−DNA 
complex consists of two quadruplex oriented in a tail-to-tail manner with the ligand 
sandwiched between terminal G4 planes (2:1). Longer telomeric sequences, such as 
TTAGGGTT, TTAGGGTTA, and TAGGGTTA, form 1:1 ligand-quadruplex complexes with 
the ligand bound by external stacking mode.75 
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G. R. Clark et al. reported the crystal structure of daunomycin (Figure 1.28B) bound to 
a parallel-stranded intermolecular telomeric G-quadruplex (d(TGGGGT)4). The interface 
between the two quadruplex is filled by two layers of daunomycin molecules. No drug 
molecules are intercalated into the guanine core of the quadruplex. Each set of three 
daunomycins is stacked onto the 5‘end of the quadruplex where they make weak π−π 
interactions with the guanines in the terminal tetrad (Figure 1.29A).76 
 
                      (A)                                                 
             
                                                                                              
 
 
 
 
 
 
 
 
 
Figure 1.29 (A) Structure of the daunomycin-d(TGGGGT) complex, showing the 
arrangement in the crystal lattice of two quadruplex, in van der Waals space-filling mode, 
and stacked end-to-end. The daunomycin molecules are shown in green ball-and-stick 
representation. Several thymine residues have been removed to enhance clarity. (B) Structure 
of daunomycin.
76
 
 
This crystal structure shows that daunomycin prefers to stack onto a terminal G-
quartet rather than intercalate between the layers of the quadruplex according with models 
from NMR studies.75 
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N. H. Campbell et al. reported the crystal structure of a complex between the 
bimolecular human telomeric quadruplex d(TAGGGTTAGGGT)2 and the experimental 
anticancer drug 3,6,9-trisubstituted acridine (BRACO-19) shown in figure 1.30B. 
        
                                                                              
 
     (B) 
  
 
 
Figure 1.30 (A) The biological unit in the crystal. BRACO-19 molecule (mauve) is shown at 
the interface of the two quadruplex in the unit, stacked between a G-quartet (top) and a TATA 
tetrad (bottom) (B) Structure of 3,6,9-trisubstituted acridine (BRACO-19).
77
 
 
 
BRACO-19 inhibits telomerase enzymatic activity, resulting in telomere shortening, 
and also produces end-to-end chromosomal fusions in cancer cells. The crystal structure 
(Figure 1.30A) shows that each bimolecular quadruplex in the present structure contains three 
planar stacked G-tetrads with a BRACO-19 molecule stacking directly onto the 3′ end G-
tetrad face. The drug is asymmetrically stacked on the G-tetrad at the end of one quadruplex, 
and there is π−π overlap with just two guanine bases.77 
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S. M. Haider et al. reported the crystal structure of a complex between the Oxytricha 
dimeric intermolecular quadruplex formed from two strands of d(GGGGTTTTGGGG), and 
an acridine derivative di-substituted at the 3 and 6 positions with 3-pyrrolidino-propionamide 
side-chains (Figure 1.31B). This compound was previously reported by the same laboratory to 
be an effective telomerase inhibitor and quadruplex-binding agent at the µM level.  
 
 
 
 
 
Figure 1.31 (A) Structure of the complex between BSU6039 and the d(GGGGTTTTGGGG) 
quadruplex. The acridine is sandwiched between the guanine bases and the thymine. (B) The 
structure of 3,6-bis-[3-pyrrolidino-propionamide] acridine (BSU6039). 78 
 
The crystallographic analysis (Figure 1.31A) revealed the position of ligand binding 
within this quadruplex (1:1), and also showed that the thymine loop in this quadruplex played 
an active role in stabilising the complex. 78 
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E. Gavathiotis et al. described the interaction and stabilization of quadruplex DNA by 
a novel fluorinated polycyclic methylacridinium salt (RHPS4, shown in Figure 1.32B), which 
shows enhanced binding to higher ordered DNA structures (triplex/quadruplex) over duplex 
and single-stranded DNA. RHPS4 has been shown to inhibit telomerase with an IC50 value of 
0.33 µM, while decreasing tumor cell proliferation of breast 21NT cells at concentrations as 
low as 200 nM. 
 
In order to investigate structural details of the drug-quadruplex interaction, 1H-NMR 
spectroscopic studies on the RHPS4 complex with the intermolecular parallel-stranded 
quadruplex d(TTAGGGT)4 has been reported. The authors concluded that the drug complex 
is stabilized primarily through extensive π stacking with the G-tetrads (Figure 1.32A).79 
 
                 (A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.32 (A) Structure of the 2:1 complex between RHSP4 and the d(TTAGGGT)4 
quadruplex showing stacking interaction of the drug with the two external G-tetrads. (B) 
Structure of RHSP4.
79
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The RMN studies of the perylenetetracarboxylic diimide intercalator (PIPER) 
described by Federoff et al and the polycyclic methylacridinium cation (RHSP4) reported by 
Gavathiotis et al, are unable to disrupt the G-tetrad core by insertion at a GpG step and 
displacement of stabilizing K+ ions. Instead the drug forms complex-stabilizing interactions 
by stacking on the ends of the G-quadruplex. 75,79 
 
Similar conclusions have been shown from structural studies of daunomycin 
molecules with the parallel-stranded intermolecular telomeric G-quadruplex d(TGGGGT)4 
reported by G. R. Clark et al. Crystal structure of a complex between the bimolecular human 
telomeric quadruplex d(TAGGGTTAGGGT)2. The crystal structure of the complex 
trisubstituted acridine (BRACO-19) with the bimolecular human telomeric quadruplex 
d(TAGGGTTAGGGT)2 described by N. H. Campbell et al. also results in a stack interaction 
on the G-tetrad at the end of the quadruplex.76,77 
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2.1 ITRODUCTIO 
 
G-quadruplex results from the hydrophobic stacking of several G-quartets (Figure 2.1); 
each quartet (or G-tetrad)  is formed by the planar association of four guanines held together 
by eight hydrogen bounds.
1
 The G-tetrad was identified in 1962 and structural studies on G-
quadruplex were first reported in the early 1990s.2-9 
 
 
 
 
Figure 2.1. G-quartet is a cyclic hydrogen bonded square planar alignment of four 
guanines. 
CHAPTER 2 
Secondary structure of telomeric DNA 
 - 48 - 
 
In order to stabilize the negatively charged cavities located between the G-tetrads, a 
cation (typically K
+
 or Na
+
) is coordinated between two quartets by interacting with eight 
guanines (Figure 2.2). The selection of a suitable cation, based on size and charge, 
dramatically determines the overall stability of the final folded quadruplex.
10
 
 
 
 
 
 Figure 2.2 Quadruplex structure. Two stacked G-quadruplex stabilized by 
potassium metal ions located between the quartets.
11
 
 
 
G-quadruplex is a structure formed by four strands of DNA which can adopt different 
orientations: (i) four strands are oriented in the same direction, parallel structure; (ii) two 
strands are oriented in one direction and the two remaining in the opposite direction, 
antiparallel structure and (iii) three strands are oriented in one direction and the fourth in the 
opposite direction, hybrid structure. 
 
Studies on various four-repeat human telomeric G-rich sequences (GGG(TTAGGG)3) 
have revealed different G-quadruplex structures depending on experimental conditions.
12
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Y. Wang and D. J. Patel have reported that the human telomeric sequence 22 
nucleotide (nt) 5’- AGGG(TTAGGG)3 - 3’ adopts in Na
+
 solution an antiparallel-stranded G-
quadruplex structure where each strand constituting the core is parallel to one adjacent strand 
and antiparallel to the other adjacent strand (Figure 2.3c) using a combined NMR, distance 
geometry and molecular dynamics approach..
13
 
 
(a) NMR                                                  (b)   X-Ray 
         K
+
                                                               K
+
 
 
 
 
 
 
 
 
 
 
 
 
       (c)  NMR 
                                      Na
+ 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3  Schematic structures of intramolecular G-quadruplex formed by four-repeat 
human telomeric sequences: (a) (3 + 1) Form 1 observed for d[TT(GGGTTA)3GGGA] in K
+
 
solution using -MR approach.
14
  (b) Propeller-type form observed for d[A(GGGTTA)3GGG] 
in a K
+
-containing crystal.
15
 (c) basket-type form observed for d[A(GGGTTA)3GGG] in -a
+
 
solution using -MR approach..
13
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In Figure 2.3b, the same sequences  adopt a parallel-stranded propeller-type G-
quadruplex fold in K
+
 containing crystal where all the strands are oriented in the same 
direction.
15
 On the other hand, NMR studies of the four-repeat human telomeric sequence (5’-
TA(GGGTTA)3GGG - 3’) in K
+
 solution presents three strands oriented in one direction and 
the fourth is in the opposite direction known as the hybrid type (Figure 2.3a). This new 
structure called (3+1) Form 1 differs from the others by a modification in the 3’ and 5’ 
ends.
14
 
 
The same year, A. Ambrus and J. Dai reported the folding structure of the extended 
four-repeat
 
human telomeric sequence 26 nt-Tel26 (5’- AAAGGG(TTAGGG)3AA - 3’) and 
wtTel26 (5’- TTAGGG(TTAGGG)3TT - 3’) in K
+
 solution determined by NMR (Figure 2.4a) 
While the hybrid-type G-quadruplex appear to be the major conformation in K
+
 solution,  
human telomeric sequences are always in equilibrium between Hybrid-1 and Hybrid-2 
structures (Figure 2.4) which is largely determined by the 3’-flanking  sequence.
16,17
  
    
   (a)                                                                      (b)      
 
 
Figure 2.4 (a) Schematic diagram of the folding topology of the Hybrid-1 human 
telomeric Tel26  in K
+
 solution.
16
 (b) Schematic diagram of the folding topology of the 
Hybrid-2 human telomeric wtTel26 in K
+
 solution.
17
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 It is important to point out that the Hybrid-1 structure determined by A. Ambrus for 
Tel26  (Figure 2.4a) corresponds to 22nt called (3 + 1) Form 1 structure, reported by K. N. 
Luu et al (Figure 2.3a). The unmodified human telomeric sequence wild-type Tel26, 5’- 
TTAGGG(TTAGGG)3TT - 3’ (wtTel26), was also studied in K
+
 solution by NMR. 
This structure is a hybrid-type mixed parallel/antiparallel-stranded G-quadruplex (Hybrid-2) 
(Figure 2.4b) and differs from the Hybrid-1 structure in its loop arrangements, strand 
orientations and capping structures.
17
 
 
Furthermore in 2006, A. T. Phan et al. determined the folding topology of a new 
intramolecular G-quadruplex conformation of the human telomere 25 nt  5’- 
TAGGG(TTAGGG)3TT - 3’ in K
+
 solution determined by NMR in K
+
 solution called (3+1) 
Form 2 (Figure 2.5).
18
 
 
 
 
 
Figure 2.5  Schematic structure of intramolecular G-quadruplex 
d[TAGGG(TTAGGG)3TT] sequence,  called  (3+1) Form 2,  in K
+
 solution using 
-MR approach.
18
   
 
Form 2 (Figure 2.5) differs from Form 1 (Figure 2.3a) by two modifications at terminal 
residues and by the order of loop arrangements. Taken together these two findings, we can 
concluded that four-repeat human telomeric sequences can form two intramolecular (3+1) G-
quadruplex in K
+
 solution probably due to the effects of terminal residues on the stability of 
different forms. 
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Circular Dichroism (CD) is another method that allows characterisation of quadruplex 
topology. There are a few characteristic spectral properties that can be assigned depending on 
salts conditions. For quadruplex assigned to be parallel-stranded a maximum is present at 
~260 nm and a small negative at ~240 nm.
19-21
 In contrast, guanines in the antiparallel-
stranded G-quadruplex exhibit a characteristic positive peak at 295 nm, a smaller negative 
peak at 265 nm, and a smaller positive peak at 245 nm in CD spectra.
16,22
 Ambrus et al. 
demonstrated the existence of an intramolecular G-quadruplex folding topology with hybrid 
type mixed parallel/antiparallel G-strands in K
+
 solution  (wtTel26 as noted above) that 
exhibits a distinct CD spectrum containing a strong positive peak around 290 nm with a 
shoulder peak around 268 nm, and a smaller negative peak at 240 nm.
16
  
 
Before studying the interaction of various ligands with quadruplex DNA (chapter3), 
we undertook a few CD measurements under different salt conditions in order to analyze the 
folding of the chosen oligonucleotides. Intramolecular quadruplex, Telo27, containing four-
repeats of the human telomeric sequence (5’-(TTAGGG)4TTA-3’)  was compared to modified 
quadruplex, TTG4A (5’-TTGGG(TTAGGG)3A-3’) which was derived from the natural human 
telomeric sequence by two modifications at terminal residues that favors a major G-
quadruplex structure (about 95% of folding in K
+
 solution compared to 60-70% for the natural 
human telomeric sequence).
14
 The two sequences have the same number of TTAGGG repeats 
but the starting and terminal nucleotides as well as the length are different. 
 
 . 
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2.2 SPECTROSCOPIC STUDY OF G-QUADRUPLEX DA UDER FIFFERET 
BUFFER CODITIOS  
 
2.2.1 Quadruplex Telo27 
 
The CD spectrum of Telo27 (1µM) in 20 mM lithium cacodylate pH 7.2 buffer is 
shown in Figure 2.6A. The CD spectrum was recorded from 220 nm to 340 nm for 
characterizing the G-quadruplex DNA. A. Risanato and K. R. Fox analyzed the stability of an 
intramolecular quadruplex in Li
+
 (10 mM lithium phosphate pH 7.4) by fluorescence melting 
essay and circular dichroism. Although the fluorescence melting curve suggested an unfolded 
structure, the CD spectrum displayed two positive peaks at ~ 255 nm and ~ 295 nm and small 
negative at ~240 nm.
23
  CD spectrum of Telo27 in lithium cacodylate presents the same CD 
signals (Figure 2.6A). 
 
The second studied buffer was 20 mM sodium phosphate pH 7.0 with 150 mM of 
NaCl containing 1 µM of Telo27 (Figure 2.6B). In this condition, Telo27 presents the CD  
signals characteristic of the antiparallel structure as expected  in Na
+
 (two maximums at 250 
and 290 nm and a minimum at 265 nm).
16,22
 
 
To examine the interconversion and stability of the two G-quadruplex conformations 
formed in the presence of K
+
 or Na
+
, we have carried out cation titration studies. The Telo27 
was first incubated  in the presence of 170 mM Na
+
 (Telo27 1 µM in 20 mM sodium 
phosphate pH 7.0 buffer with 150 mM of NaCl) to form the antiparallel-type G-quadruplex 
as indicated by CD spectrum, and then K
+
 was gradually added into the preformed Tel27/Na
+
 
G-quadruplex with allowing 15 min equilibration time. The CD spectrum was collected after 
the addition of 0.2, 0.4 and 0.8 molar equivalents of K
+
 compared to the total Na
+
 
concentration (Figure 2.6B). Clear spectral changes were observed from the first addition: the 
250 nm peak decreases and changes into a weak negative one at ~240 nm which is 
accompanied by the appearance of two new positives peaks at 268 nm and 290 nm. We can 
conclude that Telo27 adopts the antiparallel structure in Na
+
 and the hybrid type in K
+
 
solution in accord with a number of reported studies.
16,22,24,25
 
 
CHAPTER 2 
Secondary structure of telomeric DNA 
 - 54 - 
 
A) CD spectra of Telo27 in lithium cacodylate buffer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B) CD titration of Telo27 (in a
+
) with KCl 
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Figure 2.6 (A) CD spectra of Telo27 (5’-(TTAGGG)4TTA-3’) 1 µM at 25 °C in 20 mM 
lithium cacodylate pH 7.2. (B) CD titration of the quadruplex Telo27 1 µM in 20 
mM Sodium phosphate pH 7.0 and 150 mM -aCl (dark blue) by increasing 
amounts of KCl: 02 molar equiv (light blue), 0.4 molar equiv (green) and 0.8 
molar equiv (red) respect to the total -a
+
 concentration with allowing 15 min 
equilibration time. 
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2.2.2 Quadruplex TTG4A 
 
Quadruplex TTG4A (5’-TTGGG(TTAGGG)3A-3’) was incubated in three different 
conditions: (i) 20 mM lithium cacodylate  pH 7.2; (ii) 20 mM sodium phosphate  pH 7.0 and  
20 mM sodium phosphate  pH 7.0 + NaCl 150 mM (170 mM total Na
+
 concentration). Each 
solution was heated up to 90° C during 5 minutes followed by slow cool down to the room 
temperature. 
 
 The CD spectrum of TTG4A (1µM) in 20 mM lithium cacodylate pH 7.0 buffer is 
presented in Figure 2.7A.  This oligonucleotide provided a CD spectrum in Li
+
 similar to the 
CD spectrum of Telo27 analyzed in the same buffer conditions: two positive peaks at ~ 255 
nm and ~ 300 nm and small negative at ~240 nm.
23
 
 
The folding of TTG4A, in 20 mM sodium phosphate pH 7.0 buffer without any 
additional salt, is presented in Figure 2.7B.  This sequence adopts the antiparallel structure 
generating a dominant positive CD band at 290 nm, a small positive band at 250 nm and a 
weak negative band at around 265 nm.
16,22
 
 
Once we confirmed that TTG4A adopts the antiparallel structure in Na
+ 
buffer , we 
decided to perform a CD titration to a solution of TTG4A containing only Na
+
 (20 mM  
sodium phosphate pH 7.0 buffer with 150 mM of NaCl) by adding different amounts of K
+
. 
The CD spectrum was collected after the addition of 0.1, 0.3 and 0.5 molar equivalents 
compared to the total Na
+
 concentration (Figure 2.6-B). TTG4A was incubated in the presence 
of each KCl addition during 15 minutes before the CD analysis 
 
As expected, the addition of KCl causes the transition from the antiparallel to the 
hybrid structure. Hybrid type G-quadruplex exhibits a distinct CD spectrum containing a 
strong positive peak around 290 nm with a shoulder peak around 268 nm, and smaller 
negative peak at 240 nm. The addition of 0.1 molar equiv. of KCl results in a rapid conversion 
to the hybrid structure which is almost totally formed at 0.3 molar equiv. with respect to the 
total Na
+
 concentration (Figure 2.8). 
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A) CD spectra of TTG4A in lithium cacodylate buffer 
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B) CD spectra of TTG4A in sodium phosphate buffer 
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Figure 2.7  (A) CD spectra of TTG4A (5’-TTGGG(TTAGGG)3A-3’) 1 µM at 25 °C in 20 
mM lithium cacodylate pH 7.2. (B) CD spectra of TTG4A (5’-TTGGG 
(TTAGGG)3A-3’) 1 µM at 25 °C in 20 mM Sodium phosphate buffer pH 7.0. 
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 CD titration of TTG4A (in a
+
) with KCl 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8 CD titration of the quadruplex TTG4A 1 µM in 20 mM sodium phosphate pH 7.0 
and 150 mM -aCl (dark blue) by increasing amounts of KCl: 0.1 molar equiv 
(light blue), 0.3 molar equiv (green) and 0.5 molar equiv (red) respect to the -a
+
 
concentration. 
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2.3 COCLUSIO 
 
 
CD spectroscopy studies have been performed with Telo27 and TTG4A in different 
buffer conditions in order to analyze the effect of cations in the folding of the G-quadruplex 
structure. Two types of monocations were chosen due to their physiological importance with 
respect to their ability to stabilize G-quadruplex structures: Na
+
 and K
+
. 
 
Telo27 and TTG4A exhibit a similar behaviour in the same experimental conditions: in 
cacodylate buffer containing Li
+
, both quadruplex present the same CD signals: two positive 
peaks at ~ 255 nm and ~ 300 nm and small negative at ~240 nm, and in phosphate buffer 
containing only Na
+
, they adopt the antiparallel folding.
22 
Besides, these two sequences, in 
the presence of K
+ 
form a well-defined hybrid type G-quadruplex as the G-quadruplex 
Tel26/WT-Tel 26 reported by A. Ambrus et al shown in Figure 2.9A.  
 
 
                                                                                    
 
 
 
 
 
 
 
 
 
 
Figure 2.9 (A) CD spectra of Tel26 (5’-AAA(GGGTTA)3GGGAA-3’), WT-Tel26 (5’-
TTA(GGGTTA)3GGGTT-3’), and Tel22 (5’-A(GGGTTA)3GGG-3’),  in 100 mM Na
+
 or K
+
 
solutions at 25°C. The same CD signatures are observed for Tel26 and WT-Tel26 in K+ 
solution, while similarly distinct CD signatures are observed for Tel22 and Tel26 in Na+ 
solution. (B) Schematic diagram of the folding topology of the unimolecular human telomeric 
G-quadruplex in K
+
 solution.
16
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The analysis of Tel26 in the presence of K
+
 by NMR also presents a well-defined G-
quadruplex structure Hybrid-1 type (Figure 2.10).
16
 
 
 
 
                                      Hybrid-1                                      Hybrid-2 
                                        (Tel26)                             (wtTel26 and wtTel27) 
 
Figure 2.10 Schematic diagram of the folding topologies of the Hybrid-1 (major 
conformation in Tel26) and Hybrid-2 (major conformation in wtTel26 and wtTel27) 
intramolecular telomeric G-quadruplex in K
+
 solution.
16,17
 
 
While human telomeric sequences form predominantly hybrid-type G-quadruplex 
structures in K
+ 
solution, J. Dai et al found that they are in equilibrium between hybrid-1 and 
hybrid-2 conformations (Figure 2.10) and the equilibrium of the two conformations appears to 
be largely determined by the 3’flanking sequence. 
 
Although CD spectrum of Tel26 and wtTel26 are similar (light pink and blue curves 
respectively, Figure 2.9), RMN analysis proved that the major conformation in K
+
 solution for 
Tel26 is Hybrid-1 and for wtTel26 is Hybrid-2. Moreover hybrid-2 structure appears to be the 
major conformation formed in K
+
 solution by wtTel27 (called in this work Telo27) after RMN 
studies also performed by J. Dai.
17
 
 
 
CHAPTER 2 
Secondary structure of telomeric DNA 
 - 60 - 
 
 
Tel26:    5’-AAA(GGGTTA)3GGGAA-3’ 
 
Telo27:  5’-TTA(GGGTTA)3GGGTTA-3’ 
   
   TTG4A: 5’-TT(GGGTTA)3GGGA-3’ 
 
 
Figure 2.11 Tel26, Telo27 and TTG4A sequences. 
 
 
 
Finally, we can conclude that Telo27 sequence in the presence of K
+ 
forms a well-
defined hybrid type G-quadruplex and probably the major conformation is Hybrid-2.
17
 On the 
other hand in the case of TTG4A the major conformation is Hybrid-1 structure, according to 
the NMR studies.
14
 As regards circular dichroism analysis, Hybrid-1 and Hybrid-2 have a 
similar CD signature as we can see in Figure 2.9 where Ambrus et al. compare wtTel26 and 
Tel26 sequences in K
+
 solution.   
 
 The CD measurements performed in Li
+
, Na
+
 and K
+
 for Telo27 and TTG4A, are 
compatible with the previous studies reported. Globally, these oligonucleotides form the 
antiparallel structure in Na
+
 solution, and Hybrid-1 and Hybrid-2 in K
+
 solution for TTG4A 
and Telo27 respectively. 
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3.1 ITRODUCTIO 
 
 
The starting point of this study lies in the interesting interaction that has been shown to take 
place between manganese(III) long arm porphyrin (Figure 3.1) and quadruplex DNA  
published by I. Dixon et al. in 2007.
1
 This metallo-porphyrin was found to be able to discriminate 
between quadruplex and duplex DNA by four orders of magnitude.  
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Figure 3.1   Structure of the pentacationic manganese (III) porphyrin (Mn-LA =  
  manganese long arm porphyrin). 
 
 
 
In the present study, the porphyrin skeleton has been simplified in order to study the role of 
the bulky cationic groups in the design of new quadruplex ligands. Depending on the nature of the 
metal inside the porphyrin macrocycle, the mechanism of action of these molecules towards 
telomeric sequences should be different. Besides, positively charged substituents situated on the 
periphery of the molecule should interact with the negatively charged phosphates of the grooves and 
loops of the quadruplex. 
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 In order to study the role of the central metal in the design of telomere interacting drugs and 
the role of the bulky cationic groups on the aromatic macrocycle three types of porphyrins were 
prepared, (i) Meso-5,10,15,20-tetrakis(4-pyridyl)porphyrin (TMPyP4)  (ii) middle arm porphyrin 
(MA) and (iii) long arm porphyrin (LA), by metallation with  
nickel(II), manganese(III), cobalt(III) and gold(III) (Figure 3.2).  
 
Transition metal ions having “d
8
” electron configuration form square planar complexes. This 
is the case of gold(III) and nickel(II) porphyrins (Figure 3.2). It is important to point out that Ni(II)-
TMPyP4 exists in water as a mixture of (diamagnetic) four-coordinated square planar and 
(paramagnetic) hexa-coordinated forms that rapidly interconvert, whereas for  Ni-MA and Ni-LA, 
only one species was detected by UV measurements. Indeed, Ni-TMPyP presents two Soret bands, 
one due to the four-coordinated form and the second, due to the hexa-coordinated form.
2,3
 However, 
Ni-MA and Ni-LA present a single Soret band at 412 nm and 414 nm, respectively. 
 
Gold and Nickel porphyrins, as the non metalated porphyrin, should interact with G-
quadruplex probably by stacking with the G-tetrads. Moreover, Ni and Au are inert with respect to 
redox processes under physiological conditions and are not photoactivable. They should  interact 
with telomere in a passive way compared to the Mn-porphyrin that would probably interact with 
and degrade the telomeres by oxidative processes.
4-8
 Co(III) and Mn(III) porphyrins (Figure 3.3), 
which carry one or two water molecules as axial ligands on the metal, can form five or six 
coordinated species unlike Ni(II) and Au(III) porphyrins that are devoid of axial ligands.
9
 
. 
The overall charge of the metalloporphyrins depends on the charge of the metal ion inserted, 
the nature of the axial ligands and the charge of the meso substituents. Depending on the pKa of the 
axially bound water molecules on the porphyrins, the axial ligand may be negatively charged (HO
-
) 
or neutral (H2O). For (H2O)2-Mn
III
(TMPyP4)
5+ 
the pKa  is 8.0 and 10.7  and for (H2O)2-
Co
III
(TMPyP4)
5+ 
the pKa is approximately 6.0 and 10.0.
10,
 
11,12
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   A)  TMPyP Porphyrin (TMPyP)                        B)   Middle Arm Porphyrin (MA) 
 
 
 
  
 
 
 
 
 
 
 
 
 
                                                  C) Long Arm Porphyrin (LA) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2   Structure of the studied molecules: (A) TMPyP4 = Meso-5,10,15,20-tetrakis(4- 
  pyridyl)porphyrin, (B)  Middle arm porphyrin (MA),  (C) Long arm porphyrin    
 (LA), H2 = non metalated porphyrin. 
M = H2   n = 4 H2-TMPyP4, H2-MA, H2-LA 
M = Ni II  n = 4 Ni-TMPyP4, Ni-MA, Ni-LA 
M = Mn III  n = 5 Mn-TMPyP4, Mn-MA, Mn-LA 
M = Au III  n = 5 Au-TMPyP4, Au-MA, Au-LA 
M = Co III  n = 5 Co-TMPyP4, Co-MA, Co-LA 
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Consequently, Mn-TMPyP4 is in the form of five positive charged entities with five negative 
counter ions (H2O)2-Mn
III
(TMPyP4)
5+
 at physiological pH. However, Co-TMPyP4 is in the form of 
(H2O)(OH)-Co
III
(TMPyP4)
5+ 
at physiological pH with four positive charges entities and four 
negative counter ions. 
 
In summary, Mn(III) and Au(III) porphyrins have five positive charges in the porphyrin 
macrocycle whereas the Ni(II) and Co(III) porphyrins have four positives charges. Moreover, Co(III) 
and Mn(III) porphyrins carry one or two water molecules as axial ligands on the metal unlike Ni(II) 
and Au(III) porphyrins that are devoid of axial ligands.   
In the case of TMPyP4 series, the N-CH3 group is in the para position on the pyridiniumyl group 
and it has about 360° degrees of rotation along the axis. Hence the molecules can attain perfect 
planar structure when they interact with quadruplex DNA.
13-18
 In the case of Middle Arm 
porphyrins, the N-CH3 group placed in orto position on the pyridiniumyl group prevents the 
molecule from attaining perfect planar structure because of the restricted rotation on its axis. Hence, 
it cannot intercalate between two DNA bases pairs and only external interaction is possible. 
Introduction of phenylpyridiniumyl rigid substituents resulted in a high affinity and good selectivity 
for quadruplex DNA over double stranded DNA. Finally, long arm porphyrins combining a central 
aromatic core and four flexible arms carrying cationic end groups present a very high affinity and an 
excellent selectivity for G-quadruplex DNA over duplex DNA. 
1 
 
     
 
         
        
 
 
 
 
 
 
Figure 3.3  Schematic representations showing the overall charge of the  
 metalloporphyrins.
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3.2 LOG ARM PORPHYRIS 
 
Article: Improvement of porphyrins for G-quadruplex DA targeting. 
 
Summary 
 
 The cationic porphyrin meso-tetrakis(4-N-methylpyridiniumyl)porphyrin, H2-TMPyP4, 
is able to bind G-quadruplex DNA and has shown interesting biological effects related to 
telomere dysfunction. However this porphyrin is not selective of the human telomeric 
sequence, indeed H2-TMPyP4 has a similar affinity for the double-stranded DNA. The 
incorporation of bulky cationic substituents at the meso position of a manganese porphyrin 
derivate (Mn-1), proved to show a unique selectivity for G-quadruplex with respect to duplex 
DNA. In the present work this selectivity of Mn-1 for G-quadruplex could be confirmed by 
other methods.   Furthermore, the compound was compared to other G4-ligands under the 
same experimental conditions. The influence of the central metal on G-quadruplex 
recognition was also studied for the large substituted porphyrins in comparison with the 
TMPyP4 series by SPR and FRET-melting measurements. 
 
In the case of the relatively small TMPyP4 porphyrins, the data shows that the 
presence of a positive charge at the centre of the aromatic core does not contribute to improve 
binding process. The investigation also revealed that axial water molecules, although 
lowering the affinity, increase G-quadruplex selectivity. These results evidenced that axial 
ligands in the center of the metal do not hamper the binding of the complex with the 
quadruplex structure. On the other hand, in agreement with previous reports, new SPR studies 
confirmed that Mn-1 is an exceptional G-quadruplex ligand. According to FRET-melting 
measurements on long arm series, we proved that the bulky and flexible cationic substituents 
conferred to the porphyrin high quadruplex selectivity. Three compounds of long arm series 
underwent cellular tests. H2-LA and Mn-LA proved encouraging, showing that regardless of 
the presence of large cationic substituents, the porphyrin derivates are able to penetrate cells 
and mediate some of the typical cellular effects of G4-ligands. 
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ABSTRACT 
 
G-quadruplex nucleic acids are emerging as therapeutic targets for small molecules referred to 
as G4-ligands. The porphyrin H2-TMPyP4 was early reported to be a suitable motif for G-
quadruplex DNA recognition. It binds to G-quadruplex nucleic acid through π-π stacking with 
the external G-quartets. We explored chemical modifications of this porphyrin such as 
insertion of various metal ions in the centre of the aromatic core and addition of bulky 
substituents that may improve the specificity of the compound toward G-quadruplex DNA.  
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Porphyrin metallation, affording a G4-ligand with two symmetric faces, allowed the 
conclusion that the presence of an axial water molecule perpendicular to the aromatic plane 
lowered but did not hamper π-π stacking interactions between the aromatic parts of the ligand 
on the one hand and the external G-quartet on the other. The charge introduced in the centre 
of the porphyrin had little influence on binding. Thus, the ionic channel in the centre of G-
quadruplex nucleic acids was not found to provide clear additional molecular clues for G-
quadruplex nucleic acids targeting by porphyrins. Furthermore, we confirmed the unique G-
quadruplex selectivity of a porphyrin modified with four bulky substituents at the meso 
positions and showed that although the compound is not “drug-like” it was capable of 
entering cells in culture and mediated some of the typical cellular effects of G4-ligands. 
 
1. Introduction 
G-quadruplex (G4) are higher-order four-stranded structures occurring in nucleic acid 
sequences composed of several runs of guanine nucleosides 
19
. G4 structures have been well 
characterized in vitro and although their existence in vivo is still controversial, many G-rich 
sequences having the potential to adopt a G4 structure (PQS) have been associated with 
cellular processes 
20
. Thus, PQS are found in the telomere, in nuclease hypersensitive 
promoter regions of oncogene [3; 4; 5; 6], and in RNA [7; 8; 9]. Drug targeting quadruplex 
DNA at the telomeres interferes with telomerase and telomere function [10; 11; 12; 13] 
whereas targeting quadruplex-forming sequences in gene promoters or in the 5’ UTR regions 
of mRNAs was found to reduce the production of the related products [14; 15; 16; 17; 18; 19]. 
Therefore, due to the involvement of quadruplex DNA (or RNA) in the fundamental 
biological processes related to cancer, small G-quadruplex ligands, referred to as G4-ligands, 
are emerging as potential anticancer agents 
21
. 
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During the last decade an intensive research was focused on the synthesis of selective G4 
ligands [21; 22; 23] however, up to now, only few molecules present an strong specificity for 
quadruplex with respect to double-stranded DNA [24; 25; 26; 27; 28; 29]. 
The cationic porphyrin, meso-tetrakis(4-	-methylpyridiniumyl)porphyrin (H2-
TMPyP4) belongs to the earlier discovered small molecules able to bind G-quadruplex DNA 
[3; 14; 30; 31; 32; 33; 34],  and has shown interesting biological effects related to telomere 
dysfunction [35; 36; 37; 38; 39; 40; 41]. However, H2-TMPyP4 is not selective for G-
quadruplex DNA. Its affinity for double-stranded and G-quadruplex DNA is similar [31; 42; 
43]. The affinity of the non-metallated H2-TMPyP4 porphyrin for G-quadruplex may be 
modulated by the insertion of a metal ion in the centre of the porphyrin core [44; 45; 46] and 
although this insertion leads to some changes in selectivity 
22
, the modification doesn’t really 
improve the specificity of the ligand. On the other hand, new generation of porphyrins can be 
designed by modification of the porphyrin macrocycle [47; 48; 49; 50; 51]. Thus, the 
incorporation of bulky cationic substituents at the meso positions of the porphyrin macrocycle 
led to the synthesis of quadruplex selective porphyrins [48; 49; 51]. Among these modified 
porphyrins, the manganese porphyrin Mn-1 (Fig. 1) was reported by Dixon et al. to show a 
unique selectivity for G-quadruplex with respect to duplex DNA 
23
. This selectivity was 
assessed by surface plasmon resonance technology. In the present work, the selectivity of 
Mn-1 could be confirmed by other methods. Furthermore, the compound was compared to 
other G4-ligands under the same experimental conditions. The influence of the central metal 
on G-quadruplex recognition was also studied for the large substituted porphyrins in 
comparison with the TMPyP4 series. Moreover, since the presence of the bulky substituents 
proved necessary for selective recognition of G-quadruplex DNA yet may preclude cell 
penetration, we tested Mn-1 porphyrin in cell culture experiments. 
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The results show that the large porphyrin is indeed a selective G-quadruplex ligand in 
vitro. Additionally, it produces cellular effects such as the formation of nuclear foci of 
γH2AX, which is one of the typical DNA damage response induced by G4-ligands and is 
analogous to the response that follows the knocked out of the telomeric protein TRF2.  
 
2. Materials and Methods 
2.1. Materials 
Porphyrins were prepared according to published procedures [43; 49; 52]. Metallation with 
cobalt(III) and gold(III) is provided in Supporting Information. The molecule 360D (soluble 
in water with two CH3SO3
–
 counter ions) was a gift from P. Mailliet (Sanofi-Aventis, 
Vitry/Seine, France). The oligonucleotides were purchased from Eurogentec (Belgium). 
 
2.2. FRET melting assay 
Fluorescence melting curves were determined (ABIP 7000 real-time PCR machine) with 
F21T oligonucleotide (5’-FAM-G3(TTAGGG)3-TAMRA-3’) (0.2 µM) (where FAM is the 
donor fluorophore 6-carboxyfluorescein and TAMRA is the acceptor 6-
carboxytetramethylrhodamine) in 10 mM lithium cacodylate buffer pH 7.2, 5 mM KCl, and 
95 mM LiCl [53; 54]. The melting of the G-quadruplex was monitored by measuring the 
fluorescence of FAM (520 nm) in 25 µL reaction samples. After a first equilibration step at 23 
°C during 8 minutes, a stepwise increase of 1 °C every minute for 71 cycles to reach 95 °C 
was performed and measurements were made after each cycle. Thermal denaturation of F21T 
was performed in the presence of various concentrations of porphyrin (0, 0.2, 0.5 and 1 µM) 
as well as in the presence of porphyrin (1 µM) and DNA competitors to test the binding 
selectivity of the porphyrin to the quadruplex structure: (i) double-stranded DNA (hairpin 26-
mer oligonucleotide ds26: 5’- CAA TCG GAT CGA ATT CGA TCC GAT TG - 3’, (ii) 
single-stranded (27-mer ss27: 5’- GGC TAT CGG TAT GCG TAT GGC TAT CGG - 3’).  
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Emission of FAM was normalized and T1/2 was defined as the temperature for which the 
normalized emission is 0.5. T1/2 and ∆T1/2 are the mean of at least 3-5 values. 
 
2.3. SPR measurements 
Biotinylated DNA probes were immobilized on the surface of NLC sensorchip (Biorad) at a 
flow rate of 30 µL/min in a 10 mM Hepes Buffer (pH = 7.4) supplemented with 150 mM 
NaCl, 3 mM EDTA, 0,005% P20 and 200 mM KCl. This immobilization step resulted in 
coupling 300 RU of DNA probes on two channels with another channel left empty to be used 
as a reference surface. Kinetic response data were collected for a series of porphyrins. Each 
compound was tested at six concentrations using a two-fold dilution series and ranging from 
31.3 nM to 3 µM. The six concentrations of each analyte were injected simultaneously at a 
flow rate of 50 µL/min for a 5-min association phase, which was followed by a 5-min 
dissociation phase. Standard experiments were performed at 25 °C, in 10 mM Hepes Buffer 
(pH = 7.4) supplemented with 150 mM NaCl, 3 mM EDTA, 0,005 % P20 and 200 mM KCl. 
All experiments were performed on a four-channel Biacore T100 instrument (GE Healthcare) 
on streptavidine-coated sensor (GE Healthcare). Immobilized DNA (∼ 300 RU) consisted of 
two 5’-biotin-labeled oligonucleotides: a 48-mer hairpin duplex, dsh48 (5’-
GGCATAGTGCGTGGGCGTTAGCTTTTGCTAACGCCCACGCACTATGCC-3’), and the 
G4-quadruplex forming sequences, a 22-mer human telomeric sequence G4 (5’-
AGGG(TTAGGG)3-3’). One flow cell was used as a reference surface. Binding analyses were 
performed with multiple injections of different compound concentrations over the 
immobilized DNA surface at 25 °C. Porphyrin samples were diluted in HBS-EP buffer (10 
mM HEPES buffer pH 7.4, 150 mM NaCl, 3 mM EDTA, 0,005% P20) supplemented with 
200 mM KCl, and were injected on flow cells (30 µL/min), exposed to the surface for 300 s 
(association phase) followed by a 300 s of buffer running
 
upon which dissociation occurred.  
All diluted porphyrin samples were injected at the same time over the flow cells.  
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Flow cell 1 was used to obtain control sensorgrams showing nonspecific binding to the 
streptavidin-coated surface as well as refractive-index changes resulting from changes in the 
bulk properties of each solution. Control sensorgrams were subtracted from those obtained 
with immobilized DNAs to yield binding responses. Results are expressed in resonance units 
(RU) as a function of time in seconds. Kinetics constants were calculated by using Biacore 
T100 evaluation software and apparent association constants Ka (M
-1
) were calculated as the 
ratio of kon/koff. For each molecule, kon, koff and Ka constants were calculated using 1:1 
binding (Langmuir), heterogeneous ligand (2 sites of binding), and two-state reaction fitting 
(1 site of binding associated with a change of conformation in the complex). The better fit 
was selected. The data obtained from sensorgrams were also used for Scatchard analysis by 
using the equation: Req/C = Ka (Rmax – Req) where Req is the response at equilibrium in 
resonance units (RU), C is the concentration of porphyrin in solution (M), and Rmax (RU) is 
the theoretical maximum response (proportional to the amount of immobilized ligand). The 
one-site or non equivalent two-site model of interaction was determined from Scatchard plots. 
 
2.4. Circular dichroism measurements 
Circular dichroism (CD) spectra were recorded on a Jasco J-815 CD spectropolarimeter using 
1 cm path length quartz cuvette containing a reaction volume of 1.2 mL. The oligonucleotides 
samples, Telo27 (5’-(TTAGGG)4TTA-3’),  were dissolved at a concentration of 0.5 µM in (i) 
10 mM KCl, 10 mM lithium cacodylate buffer pH 7.2 or (ii) 10 mM lithium cacodylate buffer 
pH 7.2. During the titration, aliquot (6–24µL) of 100 µM porphyrin aqueous solution (1–9 
mol. equiv.) was added to the cuvette, and the solution was mixed. After the solutions were 
incubated for 15 min the CD spectra were recorded. For each sample, spectrum scans was 
accumulated between 220 and 400 nm at 20 °C at a scanning rate of 50 nm/min with a 1 nm 
step size, a 2 s measurement time-per-point, and a spectral bandwidth of 2 nm. Spectra were 
buffer baseline corrected. 
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2.5. Telomerase Assay 
Telomerase assay was performed as previously reported 
24
. Telomerase extracts were 
prepared from A549 cells as described before 
25
. The TRAP assay was performed in the 
presence of an internal control (internal telomerase assay standard) corresponding to the 36-
mer (5′ AATCCGTCGAGCAGAGTTAAAAGGCCGAGAAGCGAT-3′) according to 
26
. 
TRAP-G4 was performed by using a modification of the TRAP assay [57; 58; 59]. PCR was 
performed in a final 50-µL reaction volume composed of a 45-µL reaction mix containing 20 
mM Tris-HCl (pH 8.0), 50 µM deoxynucleotide triphosphates, 1.5 mM MgCl2, 63 mM KCl, 1 
mM EGTA, 0.005% Tween 20, 20 µg/mL BSA, 3.5 pmol of primer TSG4 (5′-
GGGATTGGGATTGGGATTGGGTT-3′), 18 pmol of primer TS (5′-
AATCCGTCGAGCAGAGTT-3′), 22.5 pmol of primer CXext (5′-
GTGCCCTTACCCTTACCCTTACCCTAA-3′), 7.5 pmol of primer NT (5′-
ATCGCTTCTCGGCCTTTT-3′), 0.01 amol of TSNT internal control (5′-
ATTCCGTCGAGCAGAGTTAAAAGGCCGAGAAGCGAT-3′), 2.5 units of Taq DNA 
polymerase (New England Biolabs), and 100 ng of telomerase. Compounds or distilled water 
were added under a volume of 5 µL. PCR were performed in an Eppendorf Mastercycler 
equipped with a hot lid and incubated for 15 min at 30 °C, 1 min at 90 °C followed by 30 
cycles: 30 s 92 °C, 30 s 52 °C, and 30 s 72 °C. After amplification, 8 µL of loading buffer 
containing 20% sucrose, 5× Tris-Borate-EDTA buffer, 0.2% bromphenol blue, and 0.2% 
xylene cyanol were added to the reaction. A 15-µL aliquot was loaded onto a 12% 
nondenaturing acrylamide gel (19:1) in 1× TBE and electrophoresed at 200 V for 1 h using 
Xcell Surelock Minicell apparatus (Novex). Gels were stained with 1× SYBR Green I (Roche) 
and digitalized by a CCD camera (Bioprint). As indicated, classical TRAP was performed in 
the same buffer and PCR conditions but without TSG4 and in the presence of primer TS and 
CXext (15 pmol), with or without ITAS primers NT (7.5 pmol) and TSNT (0.01 amol). 
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2.6. Cell culture and treatments 
HT1080 cell lines were obtained from the ATCC. Cells were grown in DMEM with 100 units 
of penicillin and 0.1 mg of streptomycin per ml and 10% fetal bovine serum (Invitrogen). For 
short-term treatments, HT1080 cells, treated or untreated cells were seeded at 150 × 10
3
 cells 
into 28-cm
2
 tissue culture dishes for 4 days, then trypsinized and counted. For long-term 
growth of HT1080 cells, treated or untreated cells were seeded at 150 × 10
3
 cells into 28-cm
2
 
tissue culture dishes for 4 days, then trypsinized and counted. Each time, 150 × 10
3
 cells were 
replated onto a new culture flask with fresh drug solution. 
 
2.7. Porphyrin penetration 
10 × 10
3
 HT1080 cells were plated on glass coverslips into 24-wells tissue culture plates. 
After 72 h of treatment cells were washed three times in PBS, fixed for 10 min with 4% 
paraformaldehyde and washed again with PBS for three times. 
 
2.8. Immunofluorescence 
For γH2AX staining, 10 × 10
3
 HT1080 cells were plated on glass coverslips into 24-wells 
tissue culture plates. After 96 h of treatment cells were washed three times in PBS, fixed for 
10 min with 4% paraformaldehyde and then neutralized for 2 min with NH4Cl 50 mM 
solution. After two washes with PBS, cells were incubated for 45 min in blocking buffer 
(10% fetal bovine serum, 2% bovine serum albumine, 0.2% Triton X-100 in PBS 1X). Cells 
were stained for 60 min with a 1/500 dilution of the γH2AX antibody (JBW 301, Upstate 
Biotechnology, USA) in the hybridization buffer (2% fetal bovine serum, 0.2% Triton X-100 
in PBS 1X), followed by a 1/500 dilution of the Alexa 488-conjugated anti-mouse IgG 
antibody (Invitrogen) in the hybridization buffer for 30 min. After hybridization, cells were 
washed three times with the hybridization buffer and the DNA was stained using a propidium 
Iodide solution (Propidium iodide 2 µg/mL-RNAse protein 0.1 mg/mL). 
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3. Results and discussion 
The interaction of the porphyrin H2-TMPyP4 with G-quadruplex DNA is well 
documented [3; 15; 30; 31; 32; 33; 34; 42; 47; 50; 60; 61; 62; 63; 64; 65; 66] Due to its large 
planar aromatic structure (Fig. 1), the porphyrin H2-TMPyP4 stacks at the end of the G-
quartet stem of the G-quadruplex structure, with π−π overlap between guanine bases and the 
porphyrin [3; 33]. On the other hand, H2-TMPyP is also able to intercalate between the base 
pairs of DNA 
27,28
. In addition, this porphyrin binds strongly the minor groove of AT-rich 
sequences of B-DNA [69; 70; 71; 72]. Thus, H2-TMPyP is not a specific G4-ligand [31; 42; 
43; 48]. The introduction of four bulky cationic substituents on the porphyrin macrocycle by 
Dixon et al. led to a G-quadruplex specific ligand, Mn-1 
23
 (Fig. 1). Surface plasmon 
resonance (SPR) experiments led to the determination of a binding constant in the order of Ka 
∼ 10
8
-10
9
 M
-1
 for G-quadruplex DNA and Ka ∼ 10
4
-10
5
 M
-1
 for double-stranded DNA for 
Mn-1 porphyrin. The selectivity toward double-stranded DNA was, as a result, of 10
4
. We 
aimed at confirming this data by other methods and we compared the characteristics of this 
porphyrin with other classical G4-ligands such as H2-TMPyP4 and 360D (Fig. S1). 
Furthermore, we studied the influence of the incorporation of a metal ion in the center of the 
porphyrin in the TMPyP4 series as well as in the bulky substituted porphyrins. Therefore, the 
Ni
II
, Mn
III
, and Co
III
 derivatives of the H2-1 porphyrin were prepared together with the Ni
II
, 
Mn
III
, Co
III
, and Au
III
 derivatives of H2-TMPyP4 (Fig. 1). 
A convenient method for the evaluation of the selectivity of a ligand toward quadruplex 
DNA is the in solution FRET melting assay developed by Mergny and coll. [53; 54]. This 
assay is based on the measurement of the stabilization induced by a ligand to a fluorescently 
labeled quadruplex-forming oligonucleotide (F21T, FAM-G3(T2AG3)3-TAMRA). The 
melting of the quadruplex structure upon heating allows the fluorescence emission of FAM. It 
is characterized by a half-melting temperature (T1/2) at which half of the fluorescence 
emission is measured. The stabilization effect of a G4-ligand induces an increase in the 
melting temperature of F21T (∆T1/2). When a competitor DNA is added in the sample, the 
G4-ligand 
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 may bind to the competitor DNA. The consequent decrease in ∆T1/2 indicates the 
displacement of the G4-ligand from F21T to the competitor DNA. In the case of a selective 
G4-ligand, the ∆T1/2 is not affected by the presence of any competitor DNA. The FRET-
melting test was used in numerous reports for the evaluation of the binding properties of G4-
ligands (stabilization and selectivity) [73]. Thus, it is particularly convenient for comparison 
purpose. As depicted in Fig. 2, the high quadruplex affinity of the bulky porphyrins was 
confirmed by FRET-melting assay, as the compounds exhibit ∆T1/2 between 10 and 20 °C in 
the absence of competitor DNA (green bars). For comparison the classic G4-ligand 360D 
exhibited a ∆T1/2 of 22 °C, and as detailed later the ∆T1/2 of H2-TMPyP4 is 21 °C under the 
same experimental conditions. G-quadruplex selectivity vs duplex DNA has been further 
assessed by a series of FRET-based competition assay. The compounds proved highly 
specific for G-quadruplex DNA as evidenced by stable ∆T1/2 of F21T/porphyrin complex in 
the presence of ds26 double-stranded DNA, ss27 single-stranded DNA competitors. Thus, the 
bulky porphyrin series proved selective for G-quadruplex DNA as previously reported for the 
manganese derivative (Mn-1). Overall, the bulky porphyrins compare with 360D, which was 
reported as one of the best G-quadruplex ligands [24; 73; 74]. The affinity binding constant of 
360A (same compound as 360D, yet with other counter ions) for G-quadruplex DNA was 
reported to be in the nM range 
29
. It was also reported as being unable to bind to single-
stranded DNA, which is in accordance with the present data 
29
. Two derivatives among the 
bulky porphyrins showed a lower stabilization capacity, i-1 and Mn-1. We don’t find any 
rationale for this result in relation with a presumed role of the nature of the metal ion in the 
centre of the porphyrin.  
To better understand whether the metal ions in the centre of a porphyrin core may indeed 
play a role in the interaction of the porphyrins with G-quadruplex DNA we tested different 
metallated TMPyP4 molecules in FRET melting assay. We reasoned that the smaller and 
simpler porphyrin scaffold would be more adequate for the study of the influence of the 
central metal considering that the bulky porphyrins may exhibit too high binding constants 
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 that may hide the influence of a metal ion.  The Ka for G-quadruplex was determined as 10
6
-
10
7
, 10
7
, and 10
8
-10
9
 M
-1
 for H2-TMPyP4, Mn-TMPyP4, and Mn-1, respectively [43; 48; 49]. 
The results are shown in Fig. 3. For the TMPyP4 porphyrin series, the influence of the central 
metal can be rationalized. The Mn
III
 and Co
III
 derivatives showed lower stabilization of F21T 
compared to H2-TMPyP4, Ni
II
, and Au
III
 porphyrins. The manganese and cobalt derivatives 
are the only two derivatives of the series that bear two water molecules as axial ligands on the 
metal ion (Fig. 1). The presence of water molecules on either side of the porphyrin core might 
hinder the initial stacking of the porphyrin molecule on the last G-quadruplex plateau, but 
once the porphyrin stacked, the two axial water molecules may occupy the empty space 
provided by the ionic channel of the G-quadruplex DNA, and in consequence do not preclude 
π-π stacking interactions between aromatics belonging to the DNA structure and the 
porphyrin macrocycle. On the other hand, the axial water molecules prevent the intercalation 
of the manganese and cobalt porphyrins between the base pairs of DNA and, consequently, 
decrease the mean binding affinity of these two porphyrins for double-stranded DNA. 
Interactions with single-stranded DNA are probably also mainly governed by π-π stacking 
with the nucleobases. Therefore, the axial ligands present in the centre of the porphyrin 
decrease the affinity toward single-stranded DNA in the same way. Furthermore, it may be 
concluded from the data of Fig. 3 that the central charge does not appear as a key factor in the 
interactions of the TMPyP4 porphyrins with G-quadruplex DNA. An improving role for the 
central metal might be expected because the positively charged metallic cation may act as a 
supplementary potassium ion in the central ion channel of the G-quadruplex and therefore 
might increase the stabilization of the drug/G-quadruplex complex. The porphyrins bearing a 
positive charge in the centre of the aromatic motif, namely Mn-TMPyP and Au-TMPyP do 
not show better stabilizing properties with respect to the corresponding porphyrins devoid of 
such a positive charge, i.e. H2-TMPyP4, Ni-TMPyP4 and Co-TMPyP4, respectively. 
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The impact of a metal ion in G4-ligands was previously studied [75; 76; 77; 78; 79] and 
the conclusions were essentially based on geometrical factors. Metal complexes with at least 
one aromatic planar face (Ni
II
, Pt
II
, Cu
II
) prove able to bind G-quadruplex DNA whereas 
metal complexes with octahedral (Ru
III
) and tetrahedral (Zn
II
) geometry were unable to bind 
G-quadruplex DNA. However, neither the influence of the central charge nor the effect of two 
axial water molecules was studied in details before. The present work shows that in the case 
of the relatively small TMPyP4 porphyrins (i) the presence of a positive charge at the centre 
of the aromatic core does not help in the binding process and (ii) the presence of an axial 
water molecule on one and other face of the aromatic core lowers but does not hamper the 
binding of an aromatic metal complex with G-quadruplex DNA. Besides, the two axial 
ligands do not allow the aromatic molecule to undergo π-π stacking interactions with DNA 
base pairs (intercalation) or DNA nucleobases (non specific interactions with single-stranded 
DNA). It is also noteworthy that metallated porphyrins bearing two axial ligands are less 
prone to aggregations in aqueous solution 
30
.  
Table 1 provides the affinity binding constant of the porphyrins for G-quadruplex DNA 
and double-stranded DNA determined by surface plasmon resonance under the same 
experimental conditions. The analysis was not sensitive enough to highlight significant 
differences between affinity binding constants for G-quadruplex DNA within the TMPyP4 
series. Mn-TMPyP4 and Co-TMPyP4 may show a slightly lower affinity but unambiguously 
proved specific for quadruplex DNA compared to double-stranded DNA. Mn-1 was included 
in the same series of measurements for comparison purpose. Unfortunately, it was not 
possible to perform measurements with the other compounds of the bulky porphyrin series 
because they interacted with the streptavidine-coated surface of the control channel. Although 
surprisingly, the FRET melting assay (Fig. 2 and Fig. 3) did not evidence any difference in 
the ∆T1/2 of the TMPyP4 and the bulky porphyrins, the SPR data confirm Mn-1 as a better G-
quadruplex ligand compared to TMPyP4 porphyrins in agreement with previous reports [43; 
49]. However, the binding constant of Mn-1 for G-quadruplex DNA under the used 
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 experimental conditions proved in the order of 10
7
 M
-1
 and is not comparable to the 
previously reported value (10
8
-10
9
 M
-1
) 
23
. On the other hand, previous work stated a unique 
selectivity factor of 10
4
 versus double-stranded DNA for Mn-1 
23
. The present data indicate a 
selectivity factor of 10
3
. This difference can be explained by the nature of the double-stranded 
DNA probes immobilized on the surface. In the present work, the double-stranded DNA 
(dsh48) is longer and was chosen in accord with the large size of the bulky porphyrin and 
thus, affords more probability for electrostatic non specific interactions for the porphyrin. The 
available information concerning the metallated TMPyP4 porphyrins include TRAP assays 
that showed that metallated porphyrins with two axial ligands were poor inhibitors of 
telomerase 
31
 and in vitro physicochemical tests showing that copper, zinc, and lead TMPyP4 
porphyrins were G-quadruplex ligands [45; 46]. The data of the present work are in 
agreement with literature. 
Preliminary circular dichroism studies on porphyrin complexes of the human 
telomeric quadruplex indicated that in solution they probably exist as a mixture of topologies. 
The spectra in K
+
 solution show a strong shoulder at ca. 260-265 nm and a major peak at 290 
nm, consistent with a mixed population of parallel and antiparallel species, as has been 
observed in a number of previous studies with ligands binding to human telomeric 
quadruplexes [25; 81; 82]. The (3 + 1) hybrid-2 structure of telo27 [83; 84; 85] is moderately 
modified during titration with Mn-1 and Mn-TMPyP4 showing an increase of antiparallel CD 
signature (Fig. S2) in analogy with previous reports with H2-TMPyP4 [65; 86]. Most of the 
G4-ligands are able to induce the folding of single-stranded G-rich DNA into quadruplex 
structure in the absence of salts. H2-TMPyP is known to induce the antiparallel folding of 
telomeric DNA [65; 86]. In the same way, Mn-1 induces the folding of the single-stranded 
DNA telo27, in an antiparallel predominant form. However, the capacity of Mn-1 to promote 
DNA folding is lower than that of Mn-TMPyP under the same conditions since the same 
induction of folding are observed at higher concentration of porphyrin (Fig. S3). 
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Three compounds of the bulky porphyrin series were tested as telomerase inhibitors. 
Two cell-free enzyme-based telomeric repeat amplification protocol (TRAP and TRAP-G4) 
assays were performed with H2-1, 1-i, and 1-Mn. TRAP assay allows the detection of G-
quadruplex induced telomerase inhibition after the synthesis of four TTAGGG repeats. In the 
TRAP-G4 assay 
24
, the TSG4 oligonucleotide used as a primer for telomerase comprises a 
modified telomeric repeat and forms an intramolecular G-quadruplex. The three compounds 
caused inhibition of telomerase-mediated elongation of the two primers at micromolar (H2-1 
and i-1) and submicromolar (Mn-1) concentrations (Table 2). The higher IC50 values 
observed for H2-1 and i-1 in TRAP-G4 compared to TRAP assays is not in favor of a real 
interaction of these compounds with G-quadruplex DNA, but rather implies non specific 
interactions. On the opposite, Mn-1 appeared more like a G4-ligand. This data reinforces the 
importance of axial ligands on the central metal in the lowering of aggregation properties and 
non specific interactions of this series of molecules. A typical G4-ligand would be expected to 
show a higher inhibition capacity in TRAP-G4 assay 
24
, which is not the case for Mn-1. The 
similar inhibition in the two assays exhibited by Mn-1 may be due to the different quadruplex 
folding between the natural telomeric sequence and TSGA primer. The selectivity of the 
compounds with respect to the inhibition of polymerase proved modest (Table 2). 
Nevertheless, the inhibition of telomerase by Mn-1 is comparable to that of typical G4-
ligands such as BRACO19 (0.12 µM) [87] and RHPS4 (0.33 µM) 
32
. 
Short-term antiproliferative activity of H2-1 and Mn-1 was assayed. Treatment of 
HT1080 cells (human fibrosarcoma) resulted in moderate short-term cytotoxicity for Mn-1 on 
the opposite to H2-1 (Fig. 4). The weak cytotoxicity of Mn-1 might be compatible with a 
biological activity related to telomeres targeting, while H2-1 may be considered as a more 
classic cytotoxic agent. Compounds acting on the telomeres induce relatively delayed cell 
growth arrest. Telomestatin (5 µM) was active after 8 days of treatment 
33
, BRACO19  [87], 
and RHPS4 
32
 after c.a. 20 days. The exposure of HT1080 cells to nonacute cytotoxic 
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 concentration of Mn-1 (5 µM) only resulted in a reduction of cell growth after 80 days of 
treatment (not shown).  
It was possible to check the cell penetration of the fluorescent porphyrin H2-1 (λex = 
417 nm, λem = 653 nm, red fluorescence) by fluorescence confocal microscopy. In agreement 
with its cytotoxic action, H2-1 proved able to accumulate in the cell nuclei after 24 h 
(Supporting Information, Fig. S4). This data indicates that the large substituents present on 
the porphyrin do not preclude cell penetration. The manganese porphyrin Mn-1, which is not 
fluorescent, is not compatible with such an experiment. However, further tests confirmed 
indirectly that Mn-1 is also capable of cell penetration. 
Dysfunctional telomeres have been shown to be associated with a DNA damage 
response involving in particular γH2AX. We tested whether Mn-1 treatment was associated 
with such a DNA damage signal [90; 91]. We used γH2AX immunofluorescence after short 
term exposure of cells with the drug. As shown in Fig. 5, Mn-1 induced a DNA damage 
response evidenced by an increase in the γH2AX foci (53%) compared to control (24%), 
which definitely confirms the cell penetration of this compound. Since these effects start to be 
observed at low concentration of Mn-1 (0.5 µM) it is likely that they are not related to some 
classical double-strand breaks. Indeed, DNA oxidative damage properties of Mn-1 were 
tested in vitro in previous work. Due to the very low affinity of Mn-1 for DNA, the 
compound was not efficient in mediating oxidative DNA damage even at high concentration 
34
. In summary, the moderate short-term toxicity and the formation of γH2AX foci are in 
favour of an interaction of Mn-1 with G-quadruplex DNA at the telomeres. Of course, these 
preliminary data need further studies to establish the real potential of this molecule as a G4-
ligand in biology. 
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4. Conclusions 
Porphyrins with their large aromatic structure and the four meso positions available for 
substitution are interesting scaffold for the targeting of G-quadruplex DNA. In the present 
work we investigated the influence of bulky substituents at the periphery and metal ion in the 
center of the porphyrin aromatic system and explored the potentials of porphyrins substituted 
with bulky substituents as G4-ligands in cells.  
The data confirm the large Mn-1 porphyrin as excellent G-quadruplex selective agent in 
comparison to TMPyP4 porphyrins. Its selectivity compares with that of 360D in FRET 
melting assay. The influence of a metal ion in the centre of the substituted porphyrins was not 
conclusive. However, it was possible to show that the presence of two axial water molecules 
on a central metal in the TMPyP4 porphyrin series decreases the stabilization properties but 
enhances the selectivity for G-quadruplex DNA owing to geometrical constraints. The cellular 
tests with H2-1 and Mn-1 proved encouraging showing that, regardless of the presence of 
large cationic substituents, the porphyrin derivatives are able to penetrate cells and mediate 
some of the typical cellular effects of G4-ligands (Mn-1). 
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Figure legends. 
 
Fig. 1. (A) Structure of the porphyrins. (B) Scheme illustrating the variations of charge and 
shape in the centre of the porphyrin core. Non-metallated and nickel(II) porphyrins bear four 
chloride counter ions. Manganese(III) and cobalt(III) porphyrins bear two water molecules as 
axial ligands (omitted for clarity) on the central metal ion and five chloride counter ions. One 
axial water molecule of the cobalt(III) porphyrin may deprotonate at physiological pH (pKa 
of the axially bound water molecule on cobalt is 6.0). The gold derivative was prepared only 
in the TMPyP4 series, Au-TMPyP4 has five chloride counter ions and no axial ligand. 
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Fig. 2. FRET-melting results for the non-metallated porphyrin H2-1 and the Ni
II
, Mn
III
, and 
Co
III
 metallated derivatives, at 1 µM concentration, carried out with F21T (0.2 µM) without 
(green bars) or with increasing concentrations (0.2, 2 and 10 µM, i.e. 1, 10, and 50 mol. 
equiv.) of competitor double-stranded DNA (ds26) and single-stranded DNA (ss27) in 10 mM 
lithium cacodylate buffer (pH 7.2) with 100 mM KCl. Comparison with compound 360D (1 
µM) under the same experimental conditions is shown. 
 
 
 
Fig. 3. FRET-melting results for the non-metallated porphyrin H2-TMPyP4 and the Ni
II
, 
Mn
III
, Au
III
, and Co
III
 metallated derivatives, at 1 µM concentration, carried out with F21T 
(0.2 µM) without (green bars) or with increasing concentrations (0.2, 2 and 10 µM, i.e. 1, 10, 
and 50 mol. equiv.) of competitor double-stranded DNA ds26 and single-stranded DNA 
(ss27) in 10 mM lithium cacodylate buffer (pH 7.2) with 100 mM KCl. Comparison with 
compound 360D (1 µM) under the same experimental conditions is shown. T stands for 
TMPyP4. Due to the fluorescence of H2-TMPyP4, test measurements with 10 and 50 mol. 
equiv. of competitor could not be performed. 
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Fig. 4. Short-term cytotoxicity of H2-1 and Mn-1 porphyrins after 96 h of treatment of 
HT1080 cells.  
 
 
 
Fig. 5. γH2AX foci in HT1080 cells. DNA damage response after Mn-1 treatment in HT1080 
cells. Immunofluorescence for γH2AX (red) and Hoechst fluorescence (blue) in untreated or 
treated cells for 96 h with 0.5 and 1 µM Mn-1. Calicheamycin was used as a positive control. 
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Table 1 
 Affinity binding constants determined by surface plasmon resonance for porphyrins toward 
G-quadruplex DNA and double-stranded DNA. 
 
G-quadruplex DNA 
(G4) 
Ka (M
-1
)
a
 
double-stranded DNA 
(dsh48) 
Ka (M
-1
)
a
 
H2-TMPyP4 7 10
5
 10
6
 
 2 10
5
  
Ni-TMPyP4 2 10
6
 10
7
 
 2 10
5
  
Mn-TMPyP4 8 10
5
 10
5
 
Co-TMPyP4 2 10
5
 -
b
 
 0.7 10
5
  
Au-TMPyP4 2 10
6
 2 10
6
 
 2 10
5
  
Mn-1 2 10
7
 10
4
 
 4 10
5
  
a
 interactions with « 2 site binding » model provide two binding constants 
b
 no binding 
Table 2 
 In vitro telomerase inhibition, determination of IC50 values (µM) in TRAP and TRAP-G4 
assays. 
G4-ligand TRAP IC50
a
 
TRAP 
selectivity 
TRAP-G4 IC50
a 
TRAP-G4 
selectivity 
Mn-1 0.21 ± 0.03
b
 7 0.92 ± 0.25 9 
H2-1 0.35 ± 0.07 5 2.2 ± 1.0 4 
i-1 0.84 ± 0.03 6 3.92 ± 0.72 7 
a
 Mean ± SD of triplicates 
b
 previously reported 0.58 µM [Dixon 07] 
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Metalation procedure for Co-TMPyP4, Au-TMPyP4, and Co-1. 
 
Materials 
The following compounds were commercially available: cobalt(II) chloride hexahydrate 
(Fluka), potassium hexafluorophosphate, cobalt(II) acetate, and potassium 
tetrachloroaurate(III) (Aldrich), DOWEX 1x8-200 resin (chloride form) (Acros). Sep-Pak 
C18 cartridges (Vac 20cc, 5g) were from Waters. 1H NMR spectra were recorded on Bruker 
Avance-300, and ARX-250 spectrometer with the residual solvent peak as internal calibration. 
Mass spectra were recorded either on a PerkinElmer SCIEX API 365 or Applied Biosystems 
Q TRAP. UV-visible spectra were recorded on a Hewlett Packard 8452A spectrophotometer. 
Porphyrins were prepared according to literature procedures [1-3]. 
Meso-5,10,15,20-tetrakis(4--methyl-pyridiniumyl)porphyrinatocobalt(III) 
pentachloride 
(Co-TMPyP4) [4]. H2-TMPyP4 tetrachloride (30 mg, 0.037 mmol), cobalt(II) chloride 
hexahydrate (17.4 mg, 0.073 mmol) and KOH 20% (equilibration to pH = 8) were mixed in 
25 mL of H2O, and incubated during 12 hours under argon at room temperature. The reaction 
was monitored by UV-visible spectroscopy and was stopped when the Soret band shift was 
complete (from 422 to 441 nm, H2O). The pH was adjusted with HCl to 1.5 and air was 
bubbled into the solution. The oxidation Co(II) to Co(III) was monitored by the shift of the 
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Soret band from 441 to 433 nm at acidic pH. KPF6 (80 mg, 0.43 mmol) in 1 mL H2O was 
added in the solution and the porphyrin precipitated. The solution was centrifuged and the 
solid was taken in 1 mL DMSO. 
 
Hexafluorophosphate anions were exchanged by chlorides on anion exchange resin (DOWEX 
1x8-200) (1 g of resin) by slow stirring at ambient temperature for 48 h. Total exchange by 
chloride anions was monitored by 31P NMR (no signal at -145 ppm). The solution was 
filtered and the resin was washed with methanol (10 mL). The solvent was evaporated to 
dryness. The product was taken in 2-propanol (12 mL)/ Et2O (50 mL) and the porphyrin 
precipitated. The porphyrin was filtered, dried and taken in water (1 mL). The cobalt salts 
were allowed to precipitate at 4 °C. The aqueous phase was separated, evaporated to dryness. 
The solid was dried under vacuum. Yield: 36 mg (0.039 mmol, 100%) black-blue solid. UV-
Vis (H2O) λ max nm (ε M-1 cm-1) = 435 (77x103), 554 (9x103). 1H NMR (300 MHz, D2O) 
δ (ppm) 9.26 (s, 8H, pyrrole), 9.24 (d, J = 6.8 Hz, 8H, pyridine), 8.91 (d, J = 6.8 Hz, 8H, 
pyridine), 4.72 (under water signal, CH3). ES+-MS m/z = 268.5 (M(CoIII)–3Cl)3+, 257.2 
(M(CoII)–4Cl)3+, 245.2 (M(CoI)–5Cl)3+. 
 
Meso-5,10,15,20-tetrakis(4--methyl-pyridiniumyl)porphyrinatogold(III) pentachloride 
(Au-TMPyP4). H2-TMPyP4 tetrachloride (60 mg, 0.073 mmol) was refluxed in water (15 mL) 
with KAuCl4 (38 mg, 0.1 mmol) during 24 h at 100 °C in the dark. The reaction was 
monitored by UV-visible spectroscopy and was stopped when the Soret band shift was 
complete (from 422 nm to 404 nm, H2O). At the end of the metallation, water was evaporated. 
The solid was taken in a mixture of CH3OH /Et2O (3:30) and the product precipitated. The 
porphyrin was filtered, dried and taken in water (4 mL). Gold salts were allowed to precipitate 
at 4 °C. The aqueous phase was separated, evaporated to dryness. The solid was dried under 
vacuum. Yield: 60 mg (0.06 mmol, 80%) red solid. UV-Vis (H2O) λ nm (ε M-1 cm-1) 404 
(200x103), 521 (14x103), 556 (6x103). 1H NMR (300 MHz, CD3OD), δ (ppm) 9.68 (s, 8H, 
pyrrole), 9.53 (d, J = 6.3 Hz, 8H, pyridine), 9.11 (d, J = 6.3 Hz, 8H, pyridine), 4.88 (s under 
HOD signal, CH3). ES+-MS m /z = 174.7 (M–5Cl)5+, 227.3 (M–4Cl)4+, 314.5 (M–3Cl)3+, 
490.1 (M–2Cl)2+. 
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Co-1. A mixture of the non metallated porphyrin H2-1 (46 mg, 0.032 mmol), cobalt(II) 
acetate tetrahydrate (14 mg, 0.056 mmol) and NaOH (0.1 mL, NaOH 1M) was heated in H2O 
(21 mL) at 100 °C in the dark under argon for 3-4 h. The reaction was monitored by UV-
visible spectroscopy and was stopped when the Soret band shift was complete (from 448 to 
428 nm, H2O, acidic pH and stirring for oxidation of CoII to CoIII). The reaction mixture was 
evaporated. The solid was dissolved in 20 mL of aqueous HCl (0.1 M) and stirred at room 
temperature for 15 h. The solution is filtered and dried under vacuum. The solid was 
dissolved in a minimum volume of H2O. Desalting of the porphyrin was performed by 
reverse phase chromatography on a C18 Sep-Pak cartridge (5g, Waters) by elution with 
milliQ water followed by MeOH/H2O (50:50).  
The collected fractions were evaporated to dryness and product taken in methanol. 
Thefractions were analyzed by TLC [for TLC conditions see ref. 3]. The fractions of interest 
were evaporated and taken in methanol. The product was precipitated by the addition of 
diethyl ether, filtered, washed with Et2O. Yield: 30 mg (0.02 mmol, 62%) green solid. UV-
Vis (H2O), λ max nm (ε M-1 cm-1) 428 (350x103), 540 (19x103), 574 (8x103). 1H NMR 
(300 MHz, D2O), δ 9.21 (s, 8H, pyrrole), 8.79 (s, 4H, pyridine), 8.64 (d, J = 6 Hz, 4H, 
pyridine), 8.49 (d, J = 8 Hz, 4H, pyridine), 8.23 (d, J = 8 Hz, 8H, phenyl), 7.99 (dd, J = 8, 6 
Hz, 4H, pyridine), 7.77 (d, J = 8 Hz, 8H, phenyl), 4.36 (s, 12H, CH3-	), 3.31 (t, 8H, CH2), 
3.01 (t, 8H, CH2). ES+MS m/z = 265.0 (M(CoIII)–5Cl)5+, 331.4 (M(CoII)–5Cl)4+. 
 
Figure S1. Structure of 360D 
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Figure S2. Circular dichroism spectra for porphyrins Mn-1 and Mn-TMPyP titrated against 
the 27-mer human intramolecular telomeric quadruplex (telo27) in K+ solution (10 mM 
lithium cacodylate buffer pH 7.2, 10 mM KCl). Telo27 DNA 0.5 µM (pink), telo27 : 
porphyrin, 1:1 
35
, 1:3 (orange), 1:9 (green) 
 
 
 
 
 
 
Fig. S3. Circular dichroism spectra for porphyrins Mn-1 and Mn-TMPyP titrated against the 
27-mer human intramolecular telomeric quadruplex (telo27) in “no salt” solution (10 mM 
lithium cacodylate buffer pH 7.2). Telo27 DNA 0.5 µM (pink), telo27 : porphyrin, 1:1 
35
, 1:3 
(orange), 1:9 (green). 
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Figure S4. Cell penetration of H2-1. HeLa cells were incubated with 1 and 10 µM H2-1 for 
24 h. Nuclear staining : DAPI. 
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3.3 MIDDLE ARM PORPHYRIS 
 
3.3.1     Determination of the binding constant DNA-Porphyrin by SPR. 
3.3.2     Affinity and selectivity for G-quadruplex structures studied by FRET- melting essay. 
3.3.2.1. Competitive FRET-melting essay. 
3.3.3     Stoichiometry of Porphyrin-Quadruplex DNA complex. 
3.3.3.1 Cobalt-Middle Arm porphyrin (Co-MA). 
 3.3.3.2 Non metalated Middle Arm porphyrin (H2-MA). 
3.3.4     Circular Dichroism experimental studies. 
3.3.5     Conclusion 
 
 
3.3.1 Determination of the binding constant DA-Porohyrin by SPR 
 
The noncovalent equilibrium binding constants of middle arm porphyrin (Figure 3.1) with 
duplex and quadruplex DNA were measured by surface plasmon resonance (SPR). The goal of this 
analysis is to study the role of the central metal and of phenylpyridiniumyl rigid substituents on the 
overall affinity and the selectivity towards quadruplex DNA. Surface Plasmon Resonance monitors 
directly the binding of small molecules to immobilized macromolecules.  This technology allows 
the study of the kinetic and binding constants between immobilized DNA and the drug in solution. 
 
5’-Biotin-labelled DNA was immobilized on a sensor chip through a biotin-streptavidin non 
covalent coupling. The experimental conditions suitable for quadruplex DNA was HBS-EP buffer 
from Biacore supplemented with 200 mM of KCl. The binding of the molecules to a 48-mer hairpin 
duplex, ds48 (5’GGC ATA GTG CGT GGG CGT TAG CTT TTG CTA ACG CCC ACG CAC 
TAT GCC-3’) was compared to the binding to a preformed intramolecular 22-mer quadruplex 
containing three repeats of the human telomeric sequence, G4 (5'-AGG GTT AGG GTT AGG GTT 
AGG G-3’), and another  modified quadruplex, TTG4A (5’-TTG GGT TAG GGT TAG GGT TAG 
GGA-3’).  
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Modified quadruplex was derived from the natural human telomeric sequence by two modifications 
at terminal residues, which favors a major G-quadruplex structure (about 95% of folding in K
+
 
solution compared to 60-70% for the natural human telomeric sequence).
19
 
 
 Binding constants are highly dependent on ionic strength, specially in cases in which ionic 
interactions are important contributors to the binding. Moreover, SPR is a heterogeneous technique 
because the DNA is fixed on a surface; this characteristic prevents us from making direct 
comparison between binding constants determined in solution by other techniques and binding 
constants determined by SPR.
20,21
 However, results obtained by SPR under similar experimental 
conditions can be compared. 
 
The Sensorgrams (resonance units, RU, versus time) for the concentration-dependent 
binding of Middle Arm porphyrins on duplex and quadruplex DNA were recorded at 16.7, 50, 148, 
444, 1330, 4000 nM concentrations for H2-MA, Ni-MA, Au-MA and Co-MA (Figure 3.4-3.8). For 
Mn-MA, the sensorgram for the concentration-dependent binding on modified quadruplex DNA 
(TTG4A) was recorded at 15.6, 31.2, 62.5, 125, 250, 500, 1000, 2000 and 4000 nM. We decided to 
increase the number of dilution in order to improve the Scatchard analysis (Figure 3.7). The 
sensorgrams for the concentration-dependent binding of Middle Arm porphyrins on duplex and 
quadruplex DNA with the corresponding Scatchard plot in the inset are presented in Figures 3.4-3.8. 
Blank control injections with the running buffer were also performed and the resulting sensorgrams 
were subtracted, from the compound sensorgrams, to obtain the final concentration-dependent 
graphs. 
 
All the series present a notable affinity for both quadruplex DNA, with good binding 
constants. In addition, these porphyrins show a preferential binding to quadruplex DNA compared 
to double stranded DNA. 
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Figure 3.4  Sensorgrams (resonance units vs time) for the binding of H2-MA (16,7 to 4000 nM) on 
quadruplex (G4 and TTG4A) and double strand D6A (ds48) in HBSEP/KCl  buffer at 25 °C with the 
corresponding Scatchard plot in the inset.  
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Figure 3.5  Sensorgrams (resonance units vs time) for the binding of 6i-MA (16,7  to 4000 nM) 
on quadruplex (G4 and TTG4A) and double strand D6A (ds48) in HBSEP/KCl buffer at 25 °C with 
the corresponding Scatchard plot in the inset.  
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Figure 3.6   Sensorgrams (resonance units vs time) for the binding of Co-MA (16,7 to 400 0nM) on 
quadruplex (G4 and TTG4A) and double strand D6A (ds48) in HBSEP/KCl buffer at 25 °C with the 
corresponding Scatchard plot in the inset.  
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Figure 3.7   Sensorgrams (resonance units vs time) for the binding of Au-MA (16,7 to 4000 nM) on 
quadruplex (G4 and TTG4A) and double strand D6A (ds48) in HBSEP/KCl buffer at 25 °C with the 
corresponding Scatchard plot in the inset.  
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Figure 3.8   Sensorgrams (resonance units vs time) for the binding of Mn-MA (15,6  to 4000 nM )on 
quadruplex (G4 and TTG4A) and double strand D6A (ds48) in HBSEP/KCl buffer at 25 °C with the 
corresponding Scatchard plot in the inset.  
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If we focus our attention in the response at the highest concentration of porphyrin on 
quadruplex (G4) and modified quadruplex (TTG4A) summarized in Table 1, we observe that the two 
porphyrins with the highest response are Ni-MA and H2-MA (940 RU-G4/ 420 RU-TTG4A and 460 
RU-G4/ 315 RU-TTG4A) followed by Au-MA with 385 RU-G4/ 240 RU-TTG4A values.  
Concerning Co-MA and Mn-MA porphyrins the response is considerably lower compared to the 
others (185 RU-G4/ 135 RU-TTG4A and 40 RU-G4/ 75 RU-TTG4A). 
These strong differences in values between Co-MA and Mn-MA with respect to others series might 
be explained by the presence of axial ligands on the metal. These ligands located in the coordination 
sphere of the metal may perturb the interaction with DNA. The binding mode should be different 
compare with H2-MA, Ni-MA and Au-MA since they are devoid of axial ligands. 
 
 Table 1.  Response at Equilibrium in Resonance Units 
a
 
 
 H2-MA i-MA Mn-MA Au-MA Co-MA 
G4 460 RU 940 RU 40 RU 385 RU 185 RU 
TTG4A 315 RU 420 RU 75 RU 240 RU 135 RU 
ds48 100 RU 100 RU 25 RU 300 RU 30 RU 
 
a 
Summary of the response units of the molecules with quadruplex (G4), modified quadruplex 
(TTG4A) and duplex D6A (ds48) for the highest concentration (4 µM)  at t = 300 s. Experiments 
were performed at 20 °C in HBS-EP buffer containing 0.2 M KCl. The 5’-biotin oligonucleotide 
sequences used are ds48 (5’GGC ATA GTG CGT GGG CGT TAG CTT TTG CTA ACG CCC ACG 
CAC TAT GCC-3’),  G4 (5'-AGG GTT AGG GTT AGG GTT AGG G-3’) and TTG4A (5’-TTG GGT 
TAG GGT TAG GGT TAG GGA-3’). 
 
The sensorgrams show another distinct trend: although we expected a high response in the 
modified quadruplex compared to G4 because of its high percentage of folding, our experimental 
results show a similar affinity, even slightly superior to the natural human telomeric sequence. This 
is the case for H2MA and AuMA whereas for Mn-MA and Ni-MA the response in TTG4A almost 
doubles G4. 
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Scatchard graphs were plotted for each molecule and each DNA target (Figure 3.4-3.8) in 
order to determine the relevance of one-site or a non-equivalent two-site model, and above all, to 
get a second experimental calculation of the number of binding sites.  For Scatchard analysis we 
used the data obtained from the sensorgrams plotting Response Units at equilibrium 
(RUeq)/Concentration versus RUeq.  Under the experimental conditions used for SPR analysis (200 
mM KCl), one molecule (Co-MA) shows one-site binding for both quadruplex (G4 and TTG4A) 
unlike H2-MA, Ni-MA, Au-MA and Mn-MA which present a non-equivalent two-site model. The 
relevance of the model was subsequently validated by the best fitting of Biacore T100 Evaluation 
Software applied to each sensorgram. All the fittings are presented in the appendix A1-A5. 
 
In order to obtain the kinetic constants for the association and dissociation, each sensorgram 
was evaluated using 3 different models proposed by Biacore T100 software: Langmuir model (one 
site), Two states reaction model (one site) and Heterogeneous Ligand model (non equivalent two 
sites reaction).  
 
1)  Langmuir model (1:1): Analyte A binds to ligand B to give complex AB. 
 
           A + B                    AB           
 
 
2) Two states model (1:1): Analyte A binds to ligand B. Complex AB changes 
to AB*. 
 
 
 
 
3) Heterogeneous ligand (1:2) : One analyte A binds independently to two ligand 
sites (B1 and B2)            
 
 
 
 
A + B                    AB                     (AB)* 
A + B                    A-B1    
 
A + B                    B2-A    
 
A + B                    B2-A-B1 
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The best fit lines through each experimental plot of H2-MA, Ni-MA, Mn-MA and Au-MA 
with G4 and TTG4A were obtained by the non equivalent two sites model which provides excellent 
theoretical curves (appendix A1, A2, A3 and A5). Considering both Biacore and Scatchard analysis 
for these molecules, which proves two different binding sites, we can hypothesize that each 
quadruplex can offer two stacking binding sites.   
In the case of Co-MA, the experimental curves of G4 and TTG4A are similar for 1-site or 2-sites 
model as we can see in Figure 3.9. However, Scatchard analysis (Figure 3.6) allows us to conclude 
that Co-MA presents one binding site unlike the rest of the series. 
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Figure 3.9   Kinetic analyses of Co-MA binding telomeric D6A (G4) and modified telomere 
(TTG4A). Binding responses (color-coded by analyte concentration) are overlaid with the fit of a 2 
sites interaction model and 1 site interaction model-Two states (black lines) 
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Table 2 and Figure 3.10 summarize the affinity constants of the molecules with quadruplex (G4), 
modified quadruplex (TTG4A) and duplex DNA. The affinity constants were calculated from the 
association and dissociation kinetic constants of the molecules shown in appendix A6 and A7.  
  
 Table 2.   Binding Constants Determined by SPR
b
 
 
KA (M
-1
) 
 
G4 
 
 
TTG4A 
 
Ds48 
 
H2MA 
 
 
8,3 10
6 
2,8 10
5 
 
(2 sites) 
 
 
5,9 10
6 
1,8 10
3 
 
(2 sites) 
 
 
3 10
5 
 
 
(2 sites) 
 
 
NiMA 
 
 
9,8 10
6
 
5,2 10
5 
 
(2 sites) 
 
 
1,4 10
7
 
1,9 10
5
 
 
(2 sites) 
 
 
2 10
5 
 
 
(2 sites) 
 
 
MnMA 
 
 
1,8 10
6
 
3,5 10
3 
 
(2 sites) 
 
 
5,6 10
6 
4,2 10
5
 
 
(2 sites) 
 
 
3 10
5 
 
 
(1 site) 
 
 
CoMA 
 
 
 
1,6 10
7
 
 
(1 site) 
Two states 
 
 
5,9 10
6
 
 
(1 site) 
Two states 
 
6 10
5
 
 
(1 site) 
 
 
AuMA 
 
 
 
 
 
6,9 10
7
 
7,6 10
5 
 
(2 sites) 
 
1,3 10
8 
8,4 10
5 
 
(2 sites) 
 
 
3 10
7 
 
 
(2 sites) 
 
 
b
 Affinity constants (Ka [M
-1
]) of the molecules with quadruplex (G4), modified quadruplex (TTG4A) 
and duplex D6A (ds48). Experiments were performed at 20 °C in HBS-EP buffer containing 0.2 M 
KCl. The 5’-biotin oligonucleotide sequences used are ds48 (5’GGC ATA 
GTG CGT GGG CGT TAG CTT TTG CTA ACG CCC ACG CAC TAT GCC-3’), G4 (5'-AGG GTT 
AGG GTT AGG GTT AGG G-3’) and TTG4A (5’-TTG GGT TAG GGT TAG GGT TAG GGA-3’). 
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In order to minimize the problem of aggregation, since porphyrins and metalloporphyrins 
can exist in aqueous solution as higher aggregates, we used very low concentration of drugs, 
generally, between 16 and 4000 nM. The affinity constants of all the porphyrins for quadruplex 
DNA are in the range of 10
6
-10
7 
M
-1
 and for duplex DNA are around 10
5 
M
-1
. One exception is 
found for Au-MA which has the highest affinity of all tested porphyrins (10
8
 M
-1
 for quadruplex 
DNA), but this is not associated with selectivity.  Similar values were found from the Scatchard 
analysis (Appendix A1-A5). The plot of Req/C versus Req was used to determine the affinity 
constants (Ka) from the equation: 
 
Req/C = Ka (Rmax – Req) 
 
where Req is the response at equilibrium in Resonance Units, C is the concentration of analyte in 
solution (M) and Rmax is the theoretical maximum response (proportional to the amount of 
immobilized ligand). Comparison of the affinity binding constants of each molecule with each DNA 
target calculated by the two methods, Biacore and Scatchard are summarized in Table 3.  
 
Table 3.  Comparison of the Binding Constants Determined by SPR and by Scatchard. 
 
 G4  TTG4A 
KA (M
-1
) Biacore Scatchard Biacore Scatchard 
H2MA 
0.8 10
7
 
2.8 10
5
 
0.7 10
7
 
8.6 10
5
 
5.9 10
6
 
1.8 10
3
 
6 10
6
 
7.7 10
5
 
NiMA 
9.8 10
6
 
5.2 10
5
 
8 10
6
 
1 10
6
 
1.4 10
7
 
1.9 10
5
 
9 10
6
 
8 10
5
 
MnMA 
1.8 10
6
 
3.5 10
3
 
2 10
6
 
6 10
5
 
5.6 10
6
 
4.2 10
5
 
4 10
6
 
1 10
6
 
CoMA 1.6 10
7
 6 10
6
 5.9 10
6
 3 10
6
 
AuMA 
6.9 10
7
 
7.6 10
5 
3 10
7
 
30 10
5 
 
1.3 10
8
 
8.3 10
5 
0.9 10
8
 
50 10
5 
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Finally, since for precise Scatchard analysis it is necessary a higher number of experimental data, 
we only considered the Ka values determined by Biacore.  
 
In summary, four molecules (H2-MA, Ni-MA, Mn-MA and Co-MA) present interesting 
properties both in terms of affinity for quadruplex DNA (Ka ~ 10
7
) and in terms of selectivity for 
quadruplex over duplex (1-2 orders of magnitude). The kind of interaction with the quadruplex 
structure is predicted to be lightly different depending on the metal: H2-MA, Ni-MA and Au-MA 
may interact with the two external tetrads of the quadruplex by stacking interactions. However, 
manganese and cobalt having two axial ligands, the staking interaction may take place with the last 
tetrad of quadruplex DNA provided that the loss of one axial ligand or the fitting of an axial ligand 
within the central ion channel of the quadruplex structure takes place
1
.  
 
5
5,5
6
6,5
7
7,5
8
log Ka
H2MA NiMA MnMA CoMA AuMA
TTG4A
ds48
 
 
Figure 3.10    Affinity Binding Constants of the molecules with TTG4A and ds48 expressed in log 
Ka (from Table 1). 
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The rigid cationic phenylpyridiniumyl substituents may preclude the intercalation between 
the bases pairs of the double-stranded DNA and therefore be responsible for their low interaction 
probably explained by electrostatic interactions with the phosphates. 
 
In conclusion, we have obtained quantitative binding and kinetic data allowing us to better 
understand the binding mode of this new family of compounds with quadruplex DNA. In 
comparison with SPR results of manganese long arm reported in section 3.1 which shows 4 orders 
of magnitude in the discrimination between quadruplex and duplex DNA (Quadruplex DNA = 10
8  
M
-1
- Duplex DNA = 10
4
 M
-1
), we can conclude that middle arms porphyrins are less specific toward 
telomere than Mn-LA, where the flexible cationic arms may confer a very high affinity for human 
telomeric sequence to the molecule. 
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3.3.2 Affinity and selectivity for G-quadruplex structures determined by FRET-melting essay 
 
The ligand’s ability to stabilize a quadruplex structure was evaluated by FRET 
(Fluorescence Resonance Energy Transfer) melting essay (Figure 3.11) performed in a real-time 
PCR apparatus (ABi 7000) allowing the simultaneous recording of 96 samples. The quadruplex 
used was a double labelled F21T oligonucleotide (FAM-G3[T2AG3]3-Tamra) which mimics the 
human telomeric repeat. FAM (6-carboxyfluorescein) emits at 520 nm and Tamra (6-carboxy-
tetramethylrhodamine) absorbs around 515 nm. 
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Figure 3.11   Spectral requirements for fluorescence resonance energy transfer (FRET). Schematic 
excitation (dotted) and emission (solid) spectra for a donor species (blue) and an acceptor species  
are shown. The region of spectral overlap is shaded. AU, arbitrary units. 
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At the initial temperature (25°C) G-quadruplex is folded and the global fluorescence 
measured is 0, because Tamra absorbs the total fluorescence emission of FAM. The increase in 
temperature causing the quadruplex denaturation results in the increase of the distance between 
FAM and TAMRA.  
 
It then leads to a drop in FRET efficiency and a rise of the captured FAM emission (Figure 3.12). 
Monitoring the FAM emission versus temperature allows the determination of the temperature at 
which the quadruplex half-dissociation (T1/2) as described in Material and Methods. 
 
 
FAM
Tamra
FAM
Tamra
T
 
 
   
 Figure 3.12  FRET-melting diagrams 
 
This method, reported by J. L. Mergny and co-workers, allows us to test each molecule at 
various concentrations in different ionic conditions.
22
  It is important to point out that the stability of 
the quadruplex depends on the nature and concentration of the cation contents in the buffer. We 
selected the buffer conditions that give satisfactory melting temperature values: 10 mM lithium 
cacodylate pH 7.2 containing 5mM KCl and 95mM LiCl.  
The total monocation concentration is 110 mM. LiCl is added in order to approach physiological 
ionic strength without stabilizing the quadruplex (lithium does not contribute to the folding).
23
 
Under these experimental conditions, the T1/2 for F21T was 58°C (Figure 3.13). 
FAM - GGGTTAGGGTTAGGGTTAGGG -Tamra 
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Figure 3.13   FRET-melting assays. The thermal denaturation profile of F21T in 10 mM lithium 
cacodylate pH 7.2 containing 5mM KCl and 95mM LiCl. 
 
Melting of the G-quadruplex was monitored in the absence or in the presence of different 
concentrations of porphyrin by measuring the fluorescence of FAM as a function of the temperature 
(Figure 3.13). We will define T1/2 as the temperature at which the FAM emission intensity is 0.5 
after normalization and ∆T1/2 as the difference between the T1/2 temperatures in the absence and in 
the presence of a given compound.  
 
The interaction of the porphyrins with quadruplex DNA was studied at various ligand 
concentrations in order to determine the strength of the compounds as quadruplex ligands and to 
analyse the differences between them. The ligand concentrations were 0.2 µM, 0.5 µM and 1 µM, i. 
e. 1 molar equiv., 2.5 molar equiv. and 5 molar equiv. compared to quadruplex respectively (Figure 
3.14). 
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This study showed that all the porphyrins induce very high degree of stabilization for 
quadruplex DNA with ∆T1/2 greater than 20 °C at 1 µM of porphyrin. In other words, the T1/2 of 
F21T in absence of drug is 58 °C and we observed an abrupt increase of T1/2 to at least 78 °C at 1 
µM for almost all the compounds. Interestingly, Au-MA is the most active compound (∆T1/2 = 32 
°C + 1 °C at 1 µM) which reveals that the high cationic charge (5
+
) and the absence of axial ligands 
may favour an efficient binding with the quadruplex structure. This high affinity supports the 
important binding constant between Au-MA and quadruplex DNA determined by SPR analysis (10
8
 
M
-1
). 
   
In conclusion, middle arms porphyrins exhibit a high affinity for intramolecular quadruplex. 
It is worth noting that the affinity binding constants of the compounds for quadruplex DNA (10
6
-10
7
 
M
-1
) correlate well with the G-quadruplex stabilisation effects determined by FRET-melting essay. 
Phenylpyridiniumyl rigid substituents play an important role in the interaction with G-quadruplex 
DNA and may diminish the effect of the metal. 
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Figure 3.14  Thermal denaturation of F21T (0.2 µM) was performed in presence of the  
various compounds in 10 mM lithium cacodylate pH 7.2, 5mM KCl and 95mM LiCl buffer. Ligand 
concentration is 0.2 µM (blue), 0.5 µM (red) and 1µM (green) that correspond 1, 2.5 and 5 molar 
equiv. respectively. 
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3.3.2.1 Competitive FRET-melting essay 
 
 
 Once we demonstrated the ability of these compounds to stabilize G-quadruplex DNA, we 
were interested in evaluating the G4-selectivity using competitive FRET. We decided to work at 0.5 
µM ligands concentration because the melting temperature of the complex (quadruplex DNA-
porphyrin) at 1 µM of porphyrin is above 85 °C.  
 
 Thermal denaturation of F21T was performed in the presence of the various DNA 
competitors to test the binding selectivity of each compound to the quadruplex structure. We chose 
two double-stranded competitors (duplex26 and duplex19AT) and a single-stranded  
competitor, (ss27) all of them tested at 0.2 µM (1 molar equiv compared to F21T), 2 µM (10 molar 
equiv) and 10 µM (50 molar equiv). Duplex26 is a self-complementary oligonucleotide (5’- CAA 
TCG GAT CGA ATT CGA TCC GAT TG - 3’ sequence). Duplex19AT is a double-stranded AT 
rich DNA (5’-ACG TCG ATT ATA GAC GAG C/5’-GCA CGT CTA TAA TCG ACG T- 3’ 
sequence). This oligonucleotide, with six consecutive A-T base pairs, was chosen in order to study 
the affinity of these molecules for the minor groove. Some positive charged compounds are capable 
of specific recognition of DNA through the minor groove of AT rich sequences. This interaction is 
due to a special negative potential of regions rich in AT pairs.
24,25
 Previous studies showed that 
Mn
III
-bis(aqua)meso-tetrakis(4-6-methylpyridiniumyl)-porphyrin, Mn-TMPyP, is able to interact in 
the minor groove of AT rich sequences of DNA with an affinity binding constant in the range of 
10
6
-10
7 
M
-1
.
5,26-31
 A single-stranded oligonucleotide (5’- GGC TAT CGG TAT GCG TAT GGC 
TAT CGG - 3’), not able to form quadruplex structure was also added in the study (ss27). 
 
 We included a reference molecule, 2,6-6,6’-methyl-quinolinio-3-yl)-pyridine 
dicarboxamide, 360D (Figure 3.15), a member of a family of carboxamide derivatives, which  has 
demonstrated to have a high selectivity in vitro with G-quadruplex compared with double-stranded 
DNA.
32,33
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 The experiments were carried out in duplicate and for each compound, three or four 
independent experiments were performed; the ∆T1/2 values with their standard deviations were 
measured. 
 
 As shown in Figure 3.16, the five porphyrins present a good selectivity for quadruplex over 
the single-stranded (A) and duplex ds26 (B). At least 30% of the stabilization of F21T is maintained 
in all cases in the presence of a large excess of competitor (10 µM, 50 molar equiv). The high 
selectivity of 360D for G-quadruplex was confirmed under the used experimental conditions (∆T1/2 
= 15°C in the presence of 10 µM competitor).  It is notable that the behaviors of the 5 porphyrins 
are very similar; the comparison when adding 0.2 µM, 2 µM or 10 µM of ds26 or ss27 results in a 
decrease of the stabilization of approximately 20% for all of them in every addition. However, for 
Au-MA the destabilization due to every addition of competitor seems more important compared to 
the other porphyrins. 
  
 The ability of these compounds to distinguish between the quadruplex and the duplex might 
be attributed to a poor insertion between the base pairs of the double stranded DNA due to the 
phenylpyridiniumyl rigid substituents. Besides, we can conclude that there is no clear influence of 
the central metal. 
 
 
                         
N
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 Figure 3.15   Structure of 360A. 
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Figure 3.16  Selectivity in FRET assay. Thermal denaturation of F21T was performed in presence 
of the various compounds 1-5 (0.5µM) and 360D (1µM) and various competitors: (A) simple-
stranded D6A ss27 and  (B) ds26 D6A. The stabilization (∆T 1/2) is reported in °C for each 
compound at the following concentrations of competitors: no competitor (red), 0.2µM (pink), 2 µM 
(blue), 10µM (purple). 
(A) 
(B) 
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Figure 3.17   Selectivity in FRET assay. Thermal denaturation of F21T was performed in presence 
of the various compounds 1-5 (0.5µM) and 360D (1µM) and double-stranded 19AT. The 
stabilization (∆T 1/2) is reported in °C for each compound at the following concentrations of 
competitors: no competitor (red), 0.2µM (pink), and 2 µM (blue). 
 
 
 In order to evaluate the affinity of these compounds for AT rich DNA sequence, we 
compared the decrease of ∆T1/2 obtained between the ds26 duplex, which contains 3 consecutives 
AT base pairs, and the 19AT duplex, which contains 6 consecutives AT base pairs. In the presence 
of the duplex 19AT competitor (Figure 3.17) we can observe that all of them, even 360D, are easily 
displaced. Indeed, at the lowest concentration of the duplex competitor (0.2 µM, 1 molar equiv) the 
stabilization of F21T is strongly affected, as observed from the drop in ∆T1/2 where we measured a 
loss of 50% of the F21T stabilization. Finally it is totally abolished for 2 µM (10 molar equiv), 
reflecting a high affinity of these compounds for DNA with AT rich regions. This affinity for AT 
rich regions is confirmed with the evaluation of Ni-MA to bind in the minor groove of the 
duplex19AT DNA, detailed in chapter 4. By means of binding competition experiments with Mn-
TMPyP, we have demonstrated that Ni-MA was able to bind in the minor groove of the 6 AT track 
although they are unable to bind strongly to the minor groove of a small 3 consecutives AT base 
pairs. 
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 All together these data demonstrated that middle arm porphyrins, carrying rigid and bulky 
cationic substituents, are probably able to undergo π-π stacking interactions with guanine quartets of 
quadruplex DNA and may prevent the interaction of these porphyrins in the minor groove of three 
consecutive AT base pairs. Finally, these molecules proved to be compatible with a high binding 
affinity for the minor groove of longer sequences consisting of 6 consecutive AT base pairs. On the 
other hand, middle arm porphyrins are endowed with high binding affinity for quadruplex DNA. 
Under the present experimental conditions, their binding affinity compares with 360D. 
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3.3.3 Stoichiometry of Porphyrin-Quadruplex DA complex 
 
UV-Vis studies have been performed for Modified Quadruplex DNA, 
TT(GGGTTA)3GGGA with cobalt middle arm porphyrin (Co-MA) and with non-metalated 
porphyrin (H2-MA). UV-Vis spectroscopy is a suitable technique for studying the interaction 
between the drugs and DNA, analyse the stoichiometry and even, calculate the affinity binding 
constant of the interaction. 
 
3.3.3.1   CoMA-TTG4A 
 
UV-Vis absorption titrations were done by adding TTG4A quadruplex DNA, in 20 mM 
phosphate pH 7.0 and 5 mM KCl buffer, to the quartz cuvette containing 0.18 µM of Co-MA 
prepared in the same conditions (Figure 3.18). 
 
The Soret band underwent important modifications: a marked red-shift from 431 nm to 440 
nm (bathochromicity), absorption decrease (hypochromicity) and isobestic points. The red shift and 
intensity change of the Soret region with the increase of the quadruplex DNA suggested the binding 
of the porphyrin to TTG4A . 
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Figure 3.18   UV titration of   TT(GGGTTA)3GGGA into a solution of Co-MA (0.18 µM) in  
20 mM phosphate pH 7.0 and 5 mM KCl buffer, monitoring the porphyrin  Soret band. 
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GraphPad Prism 4 software allows us to analyse the plot of the change in the porphyrin 
absorbance against quadruplex concentration presented in Figure 3.18. The experimental curve was 
fitted with a one site model defined by the equation: 
 
y = Bmax*X / (Kd + X), 
 
where Bmax is the maximal ∆DO at equilibrium and Kd is the ligand concentration that binds to 
half the receptor sites at equilibrium (in other words, is the dissociation constant (M units)). The 
affinity binding constant obtained was 1.5 10
7
 M
-1
. Interestingly, this value is very similar to the Ka 
calculated by Biacore software with 1 site model, 5.9 10
-6
 M
-1
 (section 3.2.1). 
 
 Job plots analysis make it possible to find out the stoichiometry of the interactions 
between drug and quadruplex DNA
34
 Two series of Co-MA and TT(GGGTTA)3GGGA DNA 
(TTG4A) solutions were prepared in 20 mM phosphate pH 7 and 5 mM KCl buffer. In the sample 
solutions, the sum of the concentrations of Co-MA and TTG4A was constant (0.5 µM) and the mole 
fraction of CoMA varied from 0 to 100 %. The UV-Vis absorption is presented in Figure 3.20A. 
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Figure 3.19   Plot of  ∆DO at the porphyrin Soret band versus the quadruplex concentration,  
(from titration of  TT(GGGTTA)3GGGA into a solution of Co-MA) showing that the hypochromic 
effect is probably complete at 1:1. 
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A)  UV Titration 
 
 
 
 
 
 
 
 
 
 
 
 
 
B) Job Plot                     
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.20    (A) A series of solutions were prepared in 20 mM phosphate pH 7 and 5 mM KCl 
buffer. In the sample solutions, the sum of the concentrations of Co-MA and TTG4A was constant 
(0.5µM) and the mole fraction of CoMA varied from 0 to 100%. (B) Job plots for the titration of 
TTG4A quadruplex with CoMA. Point of intersection of two lines is indicated by a dashed line. 
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From this data we plotted the percentage of Co-MA against the absorbance of the bound 
porphyrin (Figure 3.20B). The absorbance of the bound porphyrin was calculated from the 
difference between A complex (CoMA-TTG4A) and A Co-MA at the Soret band of the complex Co-MA-
TTG4A (440 nm). The extrapolation of the linear parts has been done in order to find the mole 
fraction of Co-MA bounded and the stoichiometry. The intersection of the two lines suggests that 
one molecule of Co-MA is interacting with one molecule of modified quadruplex TTG4A. 
 
 
3.3.3.2   H2MA-TTG4A 
 
UV titration was also performed with the non-metalated porphyrin (H2-MA) and the 
modified quadruplex (TTG4A) in order to compare with Co-MA (Figure 3.21). The experiment was 
carried out in 5 mM KCl, 20 mM phosphate buffer pH 7, TTG4A was titrated (in 10 increments of 1 
µL at 7.75 µM) into a solution of H2-MA (0.34µM) at constant porphyrin concentration, until 0.2:1 
mixture of quadruplex and porphyrin was reached. 
 
The Soret band underwent important modifications: a marked red-shift from 414 nm to 427 
nm (bathochromicity) and strong absorption decrease when only 0.02 equivalent of TTG4A was 
added. Saturation of the signal is rapidly observed at 0.16 equiv of DNA  
(54.4 nM) which corresponds to 6 porphyrins per DNA (Figure 3.22). This behaviour is probably 
due to the aggregation of the porphyrin caused by the addition of DNA. Stacking interactions 
between porphyrins are evidenced by a substantial red-shifted Soret band and a significant lowering 
of the absorbance coefficient at the Soret band.
11
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Figure 3.21   UV titration of   TT(GGGTTA)3GGGA into a solution of H2MA (0.34 µM) in  
20 mM phosphate pH 7.0 and 5 mM KCl buffer, monitoring the porphyrin Soret band.         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.22     Plot of ∆DO at the porphyrin Soret band against the quadruplex concentration (from 
titration of  TT(GGGTTA)3GGGA into a solution of H2-MA). Saturation corresponds to 6 
porphyrins per D6A.  
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UV-Vis and Job Plot studies have been performed for modified quadruplex TTG4A, with 
cobalt middle arm porphyrin (Co-MA) and with non-metalated porphyrin (H2-MA) in order to 
analyse the stoichiometry of the interaction between the porphyrin and quadruplex DNA.  In 
summary, data indicated that Co-MA binds to TTG4A and the stoichiometry of this interaction is 
one porphyrin per quadruplex. These results are consistent with Biacore and Scatchard experiments 
reported in section 3.2.1 where Co-MA presented one binding site with quadruplex DNA. However, 
H2-MA probably suffers aggregation phenomenon caused by the presence of the quadruplex DNA 
evidenced by a substantial red-shifted Soret band and a significant lowering of the absorbance 
coefficient at the Soret band. 
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3.3.4 Circular Dichroism experimental studies  
 
 Circular Dichroism spectroscopy (CD) is another useful technique for studying the 
interaction between small molecules and DNA. The CD spectrum of each component in solution is 
directly proportional to its concentration and the total spectrum arises from the sum of all 
components spectra. 
 
 A number of quadruplex studies have employed Circular Dichroism in order to assign a 
topology. This method allows the discrimination between quadruplex topologies having differences 
in parallel and anti-parallel strand orientation. There is good evidence from a range of biophysical 
techniques, that the four-repeat quadruplex adopts different topologies in Na
+
 versus K
+
.
19,35-39
 For 
quadruplex assigned to be parallel-stranded, a maximum is present at ~260 nm and a minimum at 
~240 nm; the maximum and minimum for anti-parallel quadruplex are typically at around 290 and 
260 nm, respectively.
35,36,40-42
 Ambrus et al. demonstrated the existence of an intramolecular G-
quadruplex folding topology with hybrid type mixed parallel/antiparallel G-strands in K
+
 solution 
that exhibits a distinct CD spectrum containing a strong positive peak around 290 nm with a 
shoulder peak around 268 nm, 
and a smaller negative peak at 240 nm.
35
 
 
 The present study addresses the following questions: do Co-MA and Mn-MA interact with 
quadruplex DNA and does this interaction induce the formation of another quadruplex structure? 
 
Quadruplex Telo27 (5’-(TTAGGG)4TTA-3’)  has been used in the presence of K
+
 (the CD 
spectrum is shown in Figure 3.23, pink curve). This sequence forms a hybrid-2 type mixed 
parallel/antiparallel G-strands containing a strong positive peak around 290 nm with a shoulder 
peak around 268 nm, and a smaller negative peak at 240 nm.
35,37
 CD titrations were done by adding 
the porphyrin to the quartz cuvette containing 1 µM of Telo27 DNA prepared in 10 mM lithium 
cacodylate and 10 mM KCl buffer (pH 7.2) (Figure 3.22). 
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A) CD titration of Telo27 with CoMA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B) CD titration of Telo27 with MnMA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.23   (A) CD titration of the quadruplex Telo27 1 µM in 10 mM Lithium cacodylate pH 7.2 
and 10 mM KCl (rose) by increasing amounts of MnMA: 1molar equiv, 3 molar equiv (orange) and 
5 molar equiv (blue). (B) CD titration of the quadruplex Telo27 1 µM in 10 mM Lithium cacodylate 
pH 7.2 and 10 mM KCl (rose) by increasing amounts of CoMA: 1molar equiv, 3 molar equiv. 
(orange) and 5 molar equiv (blue) with allowing 15 min equilibration time. 
-2
2
220 240 260 280 300 320 340 360
Wavelength (nm)
C
D
 (
m
d
eg
) Telo27 (1 µM) 
1 eq CoMa
3 eq CoMa
5 eq CoMa
-2
2
220 240 260 280 300 320 340 360
Wavelength (nm)
C
D
 (
m
d
eg
)
Telo27 (1 µM) 
1 eq MnMa
3 eq MnMa
5 eq MnMa
CHAPTER 3 
Studies of the interaction between the cationic metalloporphyrins and telomeric DNA   
 - 136 - 
 
The CD spectrum was collected after the addition of 1 molar equiv., 3 molar equiv. and 5 
molar equiv. of porphyrin, respectively, compared to quadruplex and with allowing 15 min 
equilibration time. The CD spectrum was recorded from 220 nm to 360 nm for characterizing the G-
quadruplex DNA and for studying induced CD by porphyrins. 
 
Figure 3.23A shows the CD spectrum of Telo27 DNA titrated with different Co-MA 
concentrations (1, 3 and 5 molar equiv. respectively). It is important to point out that according to 
NMR studies, Telo27 sequence forms a well-defined Hybrid-2 type G-quadruplex in the presence of 
K
+
.
37
 The addition of Co-MA causes a shift of the negative band of DNA from ~240 nm to ~250 nm. 
The 265 nm band is also displaced to ~270 nm and a slight increase of the intensity is observed. 
Finally, the CD signal at 295 nm gradually increased. In the presence of Mn-MA (Figure 3.22-B) 
the spectral change is very similar to the one observed for Co-MA. Besides it reaches the 
equilibrium to another DNA structure at 1 molar equiv. of Mn-MA and Co-MA. 
 
CD studies was also performed for TTG4A quadruplex DNA (5’-TT (GGG TTA)3GGG A -3’) 
with Co-MA in 20 mM Phosphate pH 7.0 and 70 mM KCl buffer. This sequence forms a Hybrid-1 
type mixed parallel/antiparallel G-strands containing a strong positive peak around 290 nm with a 
shoulder peak around 268 nm, and a smaller negative peak at 240 nm in presence of K
+
 (Figure 3.24, 
pink curve).
19
 CD titrations were done by adding the Co-MA (1, 3 and 5 molar equiv.) to the 
solution containing 1 µM of TTG4A DNA prepared in the same buffer conditions than DNA 
solution with allowing 15 min equilibration time. The addition of Co-MA causes a shift of the 
negative band from ~240 nm to ~250 nm, and an increase of the CD signal at 265 nm and 295 nm. 
Saturation is rapidly observed at 1 equiv. of Co-MA which corresponds to 1 porphyrin per DNA. 
  
 In summary, we have performed a spectroscopic studies on the interaction between the 
cationic Co-MA and Mn-MA porphyrins and the fold-over intramolecular G-quadruplex of the 
human telomeric sequence 5’-(TTA(GGGTTA)4-3’ (Telo27) under 10 mM K
+
 concentration.  
Modified quadruplex 5’-TT(GGGTTA)3GGG A -3’ (TTG4A) has been also analysed by CD 
spectroscopy under 70 mM K
+
 in the presence of Co-MA. 
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CD titration of TTG4A with CoMA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.24   CD titration of the quadruplex TTG4A 1 µM in 20 mM Phosphate pH 7.0 and 70  
 mM KCl (rose) by increasing amounts of CoMA: 1molar equiv, 3 molar equiv (orange) and 5 
molar equiv (blue) with allowing 15 min  equilibration time. 
 
 
 Interestingly, we observed that both porphyrins interact with quadruplex DNA inducing the 
formation of another G-quadruplex structure different from the initial one. The nature of the new 
folding seems to belong to the Hybrid type family of quadruplex DNA.  
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3.3.5 Conclusion 
 
The starting point of this work was the important interaction between manganese long arm 
porphyrin with quadruplex DNA, published by the team three years ago.  The next step was to 
simplify the porphyrin skeleton, replacing the long and flexible cationic substituents by 
phenylpyridiniumyl rigid substituents with the purpose of studying the role of the bulky cationic 
groups in the design of new telomere interacting drugs. Metallation with nickel (II), manganese (III), 
cobalt (III) and gold (III) have been performed with the aim to optimize the recognition and the 
affinity of metal complexes toward telomeres. 
 
In this work, we have studied, by the use of several spectroscopic techniques, the interaction 
of the cationic Middle Arm porphyrins with the fold-over intramolecular G4 structures of human 
telomeric sequence.  Surface Plasmon Resonance (SPR) method offered the possibility to determine 
the affinity binding constant between immobilized DNA and the drug in solution. Besides, it 
provided important information about the selectivity of the molecules for quadruplex DNA. 
Confirmation by other method, competitive FRET melting essay has also been undertaken. The 
main attraction of this method is that it allows a rapid screening for DNA-small molecules 
interaction since we can work with 96-well plates. Competitive FRET has proved to be a useful tool 
to evaluate the stabilization the quadruplex structure by the dye and measure the specificity by 
competition studies. 
 
A number of quadruplex studies have employed the methods of biophysical chemistry, 
notably Circular Dichroism, to assign topology. CD method is able to discriminate between 
quadruplex topologies having differences in parallel and anti-parallel strand orientation. Once the 
affinity and selectivity of the molecules for the human telomeric sequence were investigated, 
ultraviolet (UV) titration experiments and Job Plots studies were performed with the purpose of 
obtaining the stoichiometry of the interaction porphyrin-quadruplex. 
 
Four molecules (H2-MA, Ni-MA, Mn-MA and Co-MA) present properties both in terms of 
affinity for quadruplex DNA and in terms of selectivity for quadruplex over duplex.  SPR 
experiments show that these molecules present affinity binding constants for quadruplex DNA, in 
the range of 10
6
-10
8
 M
-1
.  
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The evaluation of each molecule with quadruplex DNA using 3 different models proposed 
by Biacore T100 software and Scatchard analyses led to  two different binding sites for the 
porphyrins devoid of axial ligands (H2-MA, Ni-MA and Au-MA) and one binding site for Co-MA. 
In terms of selectivity, all of them, except AuMA, are able to discriminate between quadruplex and 
duplex by 1-2 orders of magnitude. 
 
FRET method indicated on one hand, a high affinity for the intramolecular quadruplex F21T 
with ∆T1/2 values greater than 17 °C at 1 µM porphyrin concentration for all of them. Surprisingly, 
Au-MA presents a very high stabilization temperature (∆T1/2 = 30 °C). This is in agreement with 
Biacore studies demonstrating an affinity binding constant of 10
8
 M
-1
 for the gold porphyrin and 10
7
 
M
-1
 for the others. On the other hand, these porphyrins, combining a central aromatic core with four 
phenylpyridiniumyl substituents at the meso-position, may be able to undergo π-π stacking 
interactions with guanine quartets of quadruplex DNA and prevent the interaction of these 
porphyrins in the minor groove of three consecutive AT base pairs. Finally, competitive FRET 
melting essay shows that the stabilization of F21T is strongly affected in the presence of the double 
stranded DNA competitor rich in AT, reflecting a high affinity of these compounds for A-T rich 
regions.    
 
UV-Vis titration and Job plots experiments have also been performed with Co-MA. 
Interestingly, UV-Vis studies confirmed the stoichiometry of 1 porphyrin per quadruplex which was 
observed with Biacore analysis. However, UV-Vis titration with the non metalated porphyrin 
evidenced probable aggregation of the porphyrin caused by the addition of DNA in the used 
experimental conditions. 
 
Quadruplex Telo27 (5’-(TTAGGG)4TTA-3’) was evaluated by Circular Dichroism. An 
intramolecular G-quadruplex folding topology with hybrid type mixed parallel/antiparallel G-
strands in K
+
 solution was found with the distinct CD spectrum containing a strong positive peak 
around 290 nm with a shoulder peak around 268 nm, and a smaller negative peak at 
240 nm. The CD titration with CoMA and MnMA showed that both porphyrins interact with 
quadruplex DNA inducing the formation of another G4 structure. Thus, CD also evidenced the 
interaction of these compounds with the G-quadruplex DNA.  
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Finally we can conclude that middle arm family proved to be interesting for G-quadruplex 
targeting but does not reach the high affinity and excellent selectivity for G-quadruplex DNA of 
Manganese Long Arm porphyrin. 
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Article:  
Interaction of cationic nickel and manganese porphyrins with the minor groove of DA  
 
Summary 
 
 Using different cationic nickel and manganese porphyrins derivates, the structural 
requirements for a porphyrin to bind in the minor groove of AT-rich DNA, has been studied. 
The manganese derivate of H2-TMPyP4, manganese(III)-bis-aqua-meso-tetrakis(4--
methylpyridiniumyl)porphyrin, Mn-TMPyP4, is able to bind in the minor groove of AT-rich 
sequences of DNA with an affinity binding constant on the order of 10
6
-10
7
 M
-1
. The minor 
groove location of this porphyrin was unambiguously established by the 3’-shifted oxidative 
cleavage of DNA when Mn-TMPyP4 was activated into an artificial nuclease by addition of 
KHSO5. The ability of the new nickel porphyrins to interact in the minor groove of AT-rich 
sequences was evaluated by the measurement of the inhibition of the Mn-TMPyP4/KHSO5 
nuclease activity by competitive residence.  
  
 Introduction of long and flexible cationic substituents at the four meso-positions of the 
porphyrin macrocycle precluded the interaction of the porphyrin in the minor groove and 
resulted in an overall low affinity for DNA. On the other hand, extending the hydrophobic 
character of the porphyrin by replacing pyridiniumyl by phenylpyridiniumyl rigid substituents 
together with keeping the crescent shape of the molecule, prevent the interaction in the minor 
groove of three consecutive AT base pairs. In contrast, we demonstrated that these porphyrins 
are endowed with a high affinity for the minor groove of a six consecutive AT base pairs.  
 
 These data on structural requirements for minor groove DNA binding will help the 
rational design of porphyrin derivatives for selective targeting of quadruplex DNA versus 
double-stranded DNA 
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The capacity of a series of new cationic nickel and manganese metalloporphyrins to bind in the minor groove of DNA
was evaluated by binding competition experiments with manganese(III)-bis-aqua-meso-tetrakis(4-N-methylpyridiniumyl)-
porphyrin, Mn-TMPyP, a powerful artificial nuclease when associated with KHSO5. The four N-methylpyridiniumyl
substituents on this porphyrin macrocycle are responsible for a strong binding affinity for the minor groove of AT-rich
DNA. The inhibition of DNA cleavage mediated by Mn-TMPyP/KHSO5 by the various tested porphyrins correlated with
their competitive occupancy of the minor groove site of Mn-TMPyP. Introduction of long and flexible cationic sub-
stituents at the periphery of the porphyrin macrocycle precluded the interaction of the porphyrin derivative in the minor
groove and resulted in low affinity for DNA. On the other hand, introduction of phenylpyridiniumyl substituents on the
porphyrin macrocycle surprisingly conferred the new porphyrin derivative with a tight binding in the minor groove of a
six consecutive AT base pairs sequence. These data on structural requirements for minor groove DNA binding will help
the rational design of porphyrin derivatives for selective targeting of quadruplex DNA versus double-stranded DNA.
Introduction
Because of their large aromatic core able to undergo π-π
stacking interactionswithguaninequartetsofquadruplexDNA,
porphyrins have appeared as promising quadruplex DNA
ligands1-16 and have been tested as anticancer agents.5,17-22
The non-metalated derivative of meso-tetrakis(4-N-methyl-
pyridiniumyl)porphyrin (H2-TMPyP) became a standard
G4-ligand.1 However, H2-TMPyP is not a selective quad-
ruplexDNA ligand.The large aromatic core of the porphyrin
is also compatiblewith intercalation between the base pairs of
DNA, which confers a high affinity binding constant for
double-stranded DNA (KA ≈ 10
6 M-1).23-25 Insertion of a
metal ion bearing axial ligands in the center of the porphyrin
prevents intercalation23-25 aswell as the addition of bulky sub-
stituents at themeso positions of the porphyrinmacrocycle.26
Onthe other hand, neither bulky substituents at the periphery
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lcc-toulouse.fr.
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of the porphyrin11,13,27 nor axial ligands on the central
metal7,11 preclude the binding of a porphyrin to quadruplex
DNA. Consequently, it seems relatively easy to design por-
phyrin derivatives that interact with quadruplexDNAbut do
not interact with double-stranded DNA through the inter-
calation binding mode. Unfortunately, intercalation is not
the only mode of binding of cationic porphyrins with DNA.
Interaction in theminor groove is also a tight binding process
for H2-TMPyP and its metalated derivatives.
23-25 Thus,
a better understanding of the general rules for porphyrin-
DNAinteraction in theminor groove is necessary for the design
of quadruplex selective porphyrin-based compounds.
A number of positively charged compounds are capable
of specific recognition of DNA through the minor groove of
AT-rich sequences. This interaction is due to a special nega-
tive potential of regions rich inATpairs.28,29The proper fitting
of the dye with the minor groove is most of the time associ-
ated with a strong interaction.30 The shape of the mole-
cule may complement the bend of the DNA double helix.
Spermine,31 distamycin A,32 netropsin,33 Hoechst 33258,34
and pyrrole-imidazole polyamides35-37 are typical examples.
They are crescent shaped and positively charged molecules.
Additionally, they afford several suitable hydrogen bondings
inside the minor groove.38-40
However, hydrogen bondings are not required for a drug
to undergo strong binding in theminor groove.41Themanga-
nese derivative of H2-TMPyP, manganese(III)-bis-aqua-meso-
tetrakis(4-N-methylpyridiniumyl)porphyrin, Mn-TMPyP,
is able to bind in the minor groove of AT-rich sequences
of DNA with an affinity binding constant on the order of
106-107 M-1.23,42-47 The minor groove location of this
porphyrin was unambiguously established by the 30-shifted
oxidative cleavage ofDNAmediated byMn-TMPyPporphyr-
in when activated into an artificial nuclease by addition of
KHSO5.
44,47 In the absence of structural data of the porphyr-
in/DNA complex, modeling studies provide a depiction of the
interaction.45 The porphyrin framework of Mn-TMPyP is
devoid of any H-bonding donor/acceptor capacity. The
porphyrin DNA binding is probably electrostatic in nature
due to the positive charges at theN-methylpyridiniumyl groups
yet associated with a special spatial fitting between the
porphyrin and the curved DNA.
Using different cationic nickel and manganese porphyrin
derivatives, we explored the structural requirements for a
porphyrin to bind in the minor groove of DNA. The first
tested porphyrins were nickel porphyrins that are redox
inactive and consequently are unable to cleave DNA. The
ability of the new nickel porphyrins to interact in the minor
groove of AT-rich sequences was evaluated by the measure-
ment of their inhibition of theMn-TMPyP/KHSO5 nuclease
activity by competitive residence in the DNA minor groove.
Further insight into the location of the porphyrin ligands
with respect to DNA was gained by investigating their
potency as new artificial nucleases in the presence of KHSO5,
when they were metalated with manganese. Introduction of
long and flexible cationic substituents at the four meso-
positions of the porphyrin macrocycle precluded the inter-
action of the porphyrin in theminor groove and resulted in an
overall low affinity for DNA. On the other hand, extending
the hydrophobic character of the porphyrin by replacing pyri-
diniumyl by phenylpyridiniumyl rigid substituents together
with keeping the crescent shape of the molecule resulted in
very high affinity for the minor groove of a six consecutive
AT base pairs site. These data on structural requirements for
minor groove DNA binding will help the rational design of
porphyrin derivatives for selective targeting of quadruplex
DNA versus double-stranded DNA.
Experimental Section
Materials andMethods.The following compounds were com-
mercially available: NaOH (small beads) and piperidine (Fluka),
nickel(II) chloride hexahydrate, nickel(II) acetate tetrahydrate,
methyl tosylate, and 2,4,6-collidine (Aldrich), pyrrole, 4-(pyrid-
2-yl)benzaldehyde, iodomethane, and DOWEX 1x8-200 resin
(chloride form) (Acros), manganese(II) chloride (Riedel-de Haen).
Thin layer chromatography (TLC) analysis was performed with
Merck 60 F254 silica-coated aluminum plates. Sep-Pak C18
cartridges (Vac 20 cm3, 5 g) were fromWaters. DMF was dried
over 4 A˚ molecular sieves. Potassium monopersulfate, KHSO5
(triple salt 2 KHSO5xK2SO4xKHSO4, Curox) was from Interox.
The oligonucleotides were purchased from Eurogentec (Belgium)
and yeast tRNA (10 mg/mL) from Sigma. 1H NMR spectra
were recorded on Bruker Avance-300, and ARX-250 spectro-
meter with the residual solvent peak as internal calibration. Mass
spectra were recorded either on a PerkinElmer SCIEX API 365 or
AppliedBiosystemsQTRAP.UV-visible spectrawere recorded on
a Hewlett-Packard 8452A spectrophotometer. Porphyrins were
prepared according to literature procedures7,11,48-50 with some
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modifications as detailed below (and in Supporting Information
for the meso-5,10,15,20-tetrakis(4-N-methylpyridinumyl)por-
phyrins, namely, H2-, Mn-, and Ni-TMPyP). Mass analyses were
performed by theMass Spectrometry Laboratory of ICSN-CNRS,
Gif-sur-Yvette, France.
meso-5,10,15,20-Tetrakis(4-(pyrid-2-yl)phenyl)porphyrin. 4-
(Pyrid-2-yl)benzaldehyde (2.8 g, 15.3 mmol) was dissolved in
propionic acid (72 mL), pyrrole (1 g, 15.6 mmol) was added,
and the mixture was refluxed for 1 h in the dark. The solvent
was evaporated and the residue was dried under a vacuum. The
crude product was taken in DMF (50 mL) and filtered. The
product was washed with DMF (50 mL) and diethylether (2
50 mL) and dried under a vacuum. Yield: 0.78 g (0.84 mmol,
22%) purple solid. 1HNMR (250 MHz, CDCl3) δ 8.99 (s, 8H,
pyrrole), 8.90 (d, J=5Hz, 4H, pyridine), 8.44 (d, J=8Hz, 8H,
phenyl), 8.38 (d, J=8 Hz, 8H, phenyl), 8.10 (d, J=8 Hz, 4H,
pyridine), 7.95 (ddd, J=8, 8, 1 Hz, 4H, pyridine), 7.40 (dd,
J=8, 5 Hz, 4H, pyridine), -2.66 (s, 2H, NH). TLC Rf ≈ 0.20
(SiO2, CH3CN/H2O/KNO3 sat. 8:1:1).
meso-5,10,15,20-Tetrakis(4-(N-methyl-pyridinium-2-yl)phenyl)-
porphyrin tetrakis(trifluoroacetate).Tetrakis(4-(pyrid-2-yl)phenyl)-
porphyrin (200mg, 0.22mmol) was dissolved inDMF(20mL) and
excess iodomethane (4 mL) was added. The mixture was heated at
155 Cfor3handacetone (100mL)wasadded.The resultingpurple
precipitate was filtered off, washed with acetone, chloroform, and
diethyl ether. The product was purified on reverse phase C18
column (20 g), elution H2O with 0.1% TFA then H2O/CH3CN
(80:20) with 0.1% TFA. Yield: 210 mg (0,14 mmol, 66%) purple
solid. 1H NMR (300 MHz, DMSO-d6) δ 9.33 (d, J=6 Hz, 4H,
pyridine), 9.04 (s, 8H, pyrrole), 8.84 (dd, J=8, 8Hz, 4H, pyridine),
8.55 (d, J=8Hz, 8H, phenyl), 8.48 (dd, J=8, 1Hz, 4H, pyridine),
8.33 (ddd, J=8, 6, 1 Hz, 4H, pyridine), 8.19 (d, J=8 Hz, 8H,
phenyl), 4.53 (s, 12H, CH3-N), -2.83 (s, 2H, NH). UV-vis
(H2O), λ max nm (ε M
-1 cm-1) 416 (410 103), 516 (15 103),
552 (7103), 580 (5103), 634 (3 103). HRESþ-MS m/z: calcu-
lated for [C68H54N8]
4þ = 245.6112, found: 245.6106. TLC Rf ≈
0.15-0.20 (SiO2, CH3CN/H2O/KNO3 sat. 8:1:1).
13CNMR char-
acterization of meso-5,10,15,20-tetrakis(4-(N-methyl-pyridinium-
2-yl)phenyl)porphyrin tetrachloride is provided as Supporting
Information.
meso-5,10,15,20-Tetrakis(4-(N-methyl-pyridinium-2-yl)phenyl)-
porphyrinatomanganese(III) pentachloride (Mn-2). Tetrakis-
(4-(N-methyl-pyridinium-2-yl)phenyl)porphyrin tetrakis(tri-
fluoroacetate) (49.6 mg, 0.035 mmol) was dissolved in aqueous
0.02MNaOH(5mL).Manganese(II) chloride (60.2mg, 0.3mmol)
was dissolved in water (1 mL) and added to the porphyrin
solution. The mixture was refluxed for 2 h. The reaction was
monitored by UV-visible spectroscopy and was stopped when
the Soret band shift was complete (from 416 to 466 nm, H2O).
Desalting of the porphyrin was performed by reverse phase
chromatography on a C18 Sep-Pak cartridge (5 g, Waters) by
elution with Milli-Q water followed by methanol containing
0.1% trifluoracetic acid. The collected fractions were evapo-
rated to dryness and the product was taken inmethanol. Anion
exchange was performed on a DOWEX 1x8-200 resin column
(chloride form, 6 g). The product was precipitated by the addi-
tion of diethyl ether, filtered, and washed with Et2O. Yield:
33.1 mg (0.27 mmol, 78%) green purple solid. UV-vis (H2O),
λmax nm (εM-1 cm-1) 380 (55103), 400 (56103) 466 (96
103), 562 (12103), 596 (8103). HRESþ-MS m/z: calculated
for [C68H52MnN8]
5þ=207.0739, found: 207.0723. TLC Rf ≈
0.13 (SiO2, CH3CN/H2O/KNO3 sat. 8:1:1).
meso-5,10,15,20-Tetrakis(4-(N-methyl-pyridinium-2-yl)phenyl)-
porphyrinatonickel(II) tetrachloride (Ni-2). Tetrakis(4-(N-methyl-
pyridinium-2-yl)phenyl)porphyrin tetrakis(trifluoroacetate) (51mg,
0.03 mmol) was dissolved in aqueous 0.02 M NaOH (5 mL).
Nickel(II) chloride hexahydrate (72 mg, 0.3 mmol) was dissolved
in water (1 mL) and added to the porphyrin solution. The mixture
was refluxed for 24 h. The reaction was monitored by UV-visible
spectroscopy and was stopped when the Soret band shift was
complete (from 438 to 412 nm, H2O, acidic pH). Purification and
counterion exchange were performed as described above forMn-2.
Yield: 27mg (0.02mmol, 67%) solid. 1HNMR(400MHz,DMSO-
d6), δ 9.38 (d, J=6.1 Hz, 4H, pyridine), 8.96 (s, 8H, pyrrole), 8.82
(dd, J=8, 8 Hz, 4H, pyridine), 8.43 (d, J=7.6 Hz, 4H, pyridine),
8.35 (d, J=8Hz, 8H, phenyl), 8.30 (dd, J=7, 7Hz, 4H, pyridine),
8.14 (d, J=8 Hz, 8H, phenyl), 4.48 (s, 12H, CH3-N). UV-vis
(H2O), λmax nm (εM
-1 cm-1) 284 (43103), 412 (244103) 524
(17 103). HRESþ-MS m/z: calculated for [C68H52NiN8]
4þ =
259.5917, found: 259.5905. TLC Rf ≈ 0.23 (SiO2, CH3CN/H2O/
KNO3 sat. 8:1:1).
Ni-1.Amixture of the non-metalated porphyrinH2-1 (50mg,
0.028 mmol; synthesis according to a previously published proce-
dure),11 nickel(II) acetate tetrahydrate (21mg, 0.085mmol), and
2,4,6-collidine (0.2 mL) was heated in DMF (1.5 mL) at 110 C
in the dark for 24 h. The reaction was monitored by UV-visible
spectroscopy and was stopped when the Soret band shift was
complete (from 447 to 414 nm, H2O, acidic pH). The porphyrin
was precipitated by addition of Et2O (25 mL). The solution was
centrifuged. The solid was dissolved in MeOH/H2O (4 mL, 1:1)
and gently stirred with DOWEX 1x8-200 resin (chloride form)
for 72 h. The resin was filtered and washed with MeOH, and
the filtrate was evaporated and dried under a vacuum. Yield:
66 mg (0.017 mmol, 60%) red glossy solid. 1HNMR (250MHz,
DMSO-d6), δ 10.86 (s, 4H, NH), 9.17 (s, 4H, pyridine), 8.90 (d,
J=4.9Hz, 4H, pyridine), 8.73 (s, 8H, pyrrole), 8.61 (d, J=8Hz,
4H, pyridine), 8.12 (m, 4H, pyridine), 8.02 (d, J= 8 Hz, 8H,
phenyl), 7.91 (d, J=8 Hz, 8H, phenyl), 4.39 (s, 12H, CH3-N),
3.2-3.5 (CH2, superimposed with water peak), 3.01 (m, 8H,
CH2). UV-vis (H2O), λmax nm (εM
-1 cm-1) 414 (110103),
529 (9103).HRESþ-MSm/z: calculated for [C80H72N12NiO4]
4þ=
330.6288, found: 330.6273.
Mn-1. This compound was prepared according to a previ-
ously published procedure (ref 11). HRESþ-MSm/z: calculated
for [C80H72N12MnO4]
5þ=263.9036, found: 263.9013.
Purification and Labeling of theOligonucleotides. Purification
of oligonucleotides was performed by electrophoresis on 20%
polyacrylamide denaturing gel (7 M urea). DNA concentration
was determined by UV absorbance measurements at 260 nm
taking the supplier extinction coefficient value for each oligo-
nucleotide. The 50-end of oligonucleotides was 32P-labeled using
standard procedures with T4 polynucleotide kinase (Sigma) and
[γ-32P]ATP (Perkin-Elmer).
Oxidative Cleavage of Double-Stranded 19-mer. The cleavage
reactions on double-strandedDNAwere performed on a 19-mer
duplex which was 50-32P-end labeled on one strand (105 cpm).
Annealing of the two 19-mer single-strands was achieved in 40mM
phosphate buffer pH7 and 100mMNaCl by heating at 90 C for
5 min followed by slow cooling to room temperature. A typical
experiment was performed at a duplex final concentration of
1 μM, in 40 mM phosphate buffer pH 7.0 and 100 mM NaCl.
Double-stranded DNA was incubated with Mn-TMPyP (final
concentration of 0.5 or 2 μM) in the absence or in the presence
of competitor porphyrin during 1 h for the system to come to
equilibrium. Cleavage reactions were initiated by the addition of
a freshly prepared solution of KHSO5 at a final concentration
of 250 μM or 1 mM. Total reaction volume was 10 μL. After 1
or 10 min at 4 C, the oxidation reactions were stopped by
the addition of N-(2-hydroxyethyl)piperazine-N0-ethanesulfonic
acid (Hepes) buffer (100 mM, final concentration). DNA was
precipitatedby successive additionsof 1μLof 3.5Msodiumacetate
buffer pH 5.2, 1 μLof 1MNaCl, 1 μLof yeast tRNA (10mg/mL),
and 100 μLof cold ethanol. After centrifugation (15min, 4 C, 12
103 rpm), the DNA pellet was washed with cold ethanol and dried
under a vacuum. The dried DNA pellet was either solubilized in
deionized formamide with marker dyes for direct electrophoresis
analysis or dissolved in 100 μL of 1 M piperidine, and incubated
at 90 C for 30 min. After piperidine treatment, several steps of
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lyophilization were performed before dilution of the dry DNA
pellet in deionized formamide with marker dyes.
Polyacrylamide Gel Electrophoresis. The DNA samples were
heated 2 min at 90 C, chilled in ice, and loaded on a 20% de-
naturing polyacrylamide gel (7 M urea). Migration lasted 3 h at
2000 V in tris(hydroxymethyl)aminomethane-borate 9 mM
pH8 buffer, 0.03mMEDTA.TheDNA fragments were visuali-
zed and quantified by phosphorimagery (Biorad PMI).
Surface Plasmon Resonance. Two 50-biotinylated hairpin DNA
duplexes were grafted on the surface of a streptavidine sensor chip,
anAT-rich duplex, 50-biot-CGAATTATAAATCGTCTCCGAT-
TTATAATTCG and a GC-rich duplex, 50-biot-GGCATAGTG-
CGTGGGCGTTAGCTTTTGCTAACGCCCACGCACTAT-
GCC. Details of the experimental procedure are provided as
Supporting Information.
Results and Discussion
The pentacationic manganese(III) porphyrin, Mn-TMPyP,
in the presence of an oxygen atom donor such as KHSO5
(oxone) soluble in water at physiological pH transforms to
a high-valent manganese(V)-oxo species (MnV-oxo).51 This
activated species is a powerful oxidant and an efficient
artificial nuclease. It is able to mediate direct DNA cleavage
through hydroxylation of the minor groove oriented 50-CH
bond of deoxyribose thanks to a very precise positioning of
the porphyrinwithin theminor groove ofDNA.The oxidation
reaction consists of oxygen atom transfer from the oxo-form
of the metalloporphyrin to the C50-carbon of deoxyribose
(Figure 1). The resulting cleavage products are 30-phosphate
and 50-aldehyde ending DNA strands. As can be seen in
Figure 1, the oxidation reaction is catalytic in nature since
the Mn(III) porphyrin regenerates in the course of the
reaction.46,47,51 The preferred binding and cleavage site of
Mn-TMPyP/KHSO5 consists of three consecutive AT base
pairs, referred to as an (AT)3 box.
44-47,52 The binding
constant of Mn-TMPyP for this particular site is very high:
106-107 M-1.7,23,43 In the absence of KHSO5, Mn-TMPyP
binds toDNAbut is unable to performoxidative cleavage. The
activation and cleavage reaction of this chemical nuclease is
extremely rapid and takes place in less than a minute once
KHSO5 is added. Activation of Mn-TMPyP by KHSO5 is
possible while it is located inside the minor groove of DNA.45
DNA attack may occur on either strand, and a 30-shifted
DNA cleavage results.44-47,52 The exquisite positioning of
theMnV-oxo in the vicinity of its target leads to a very precise
hydroxylation of 50-CH of deoxyribose of the nucleotide unit
that is located immediately 30 to the last base pair of the (AT)3
site (Figure 2). The high affinity and high cleavage efficiency
ofMn-TMPyP/KHSO5 in an (AT)3 site in aDNAduplex is a
convenient tool to study the interaction of competitors for the
same site on DNA since the presence of Mn-TMPyP in the
minor groove of an (AT)3 box is readily revealed by DNA
cleavage at this site. Displacement of Mn-TMPyP from this
site by the binding of a competitor ligandwill lower or abolish
DNA cleavage. DNA cleavage was assayed on two different
double-stranded oligonucleotides. The chosen 19-mer duplex
oligonucleotides contained three (ds19-3AT) and six (ds19-
6AT) consecutive AT base pairs, that is, one and four over-
lapped (AT)3 box(es), respectively (Figure 2). The numbering
of oligonucleotide bases starts at the 50-position of the upper
strand.
The structures of the used porphyrins are shown in Figure 3.
The manganese(III) and nickel(II) complexes of three diffe-
rent cationic porphyrins were prepared.Mn-TMPyP andNi-
TMPyP,48,49Mn-2 andNi-2,50were prepared with modifica-
tions of previously reported procedures.Mn-1 andNi-1were
prepared according to ref 11.Metalation with nickel was per-
formed following classic protocols. The manganese(III) por-
phyrin,Mn-1, was previously reported to be a specific quad-
ruplex DNA binder with no affinity for double-stranded
DNA.11 Ni-2 and Mn-2 are new porphyrins in the field of
DNA targeting.50
Competitive Interaction of Porphyrins in theMinorGroove
of Three Consecutive AT Base Pairs. The cleavage of ds19-
3AT duplex by Mn-TMPyP/KHSO5 is shown in Figure 4.
50-Labeled double-stranded DNA was incubated with Mn-
TMPyP for 1 h. After this equilibrium step allowing Mn-
TMPyP to interact with DNA, KHSO5 was added to
activate the manganese porphyrin and the cleavage reaction
lasted 1 min (Figures 4A and S2, Supporting Information)
or 10 min (Figure 4B). Control experiments consisting of
DNAincubationwith eitherKHSO5 (lane1) orMn-TMPyP
Figure 1. Molecular mechanism ofDNA cleavage by the chemical nuclease,Mn-TMPyP/KHSO5. Hydroxylation of C5
0-H bond of deoxyribose leads to
direct cleavage of a DNA strand in two fragments with 50-aldehyde or 30-phosphate termini. The porphyrin macrocycle is omitted for clarity.
(51) Meunier, B.; Robert, A.; Pratviel, G.; Bernadou, J. In The Porphyrin
Handbook; Kadish, K. M., Smith, K. M., Guillard, R., Eds.; Academic Press:
San Diego, 2000; Vol. 4, p 119-187.
(52) Wietzerbin, K.; Muller, J. G.; Jameton, R. A.; Pratviel, G.; Bernadou,
J.; Meunier, B.; Burrows, C. J. Inorg. Chem. 1999, 38, 4123–4127.
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(not shown) displayed intact, full-length DNA at the top of
the gel. Besides, the oxidation reaction of the activated
species of Mn-TMPyP within the minor groove of the
(AT)3 box generated the expected 5
0-labeled-ACGTCGCT-
TA-30-phosphate fragment (arrow, Figure 4). The amount
of cleavage proved higher after 10 min compared to 1 min
of reaction, and reached 90 and 20%yield, respectively. This
yield of cleavage provides the control reactions with no
inhibition.
For competition experiments, the nickel porphyrins were
allowed to incubate together withMn-TMPyP during the
equilibrium step. The concentration of competitor por-
phyrin increased from 2 to 50 μM,which corresponded to
1-25 mol equiv with respect to Mn-TMPyP. After addi-
tion of KHSO5, Ni-TMPyP (5 μM, 2.5 mol equiv) in-
hibited 90% of the cleavage reaction when the reaction
was stopped after 1 min (Figure 4A). When the oxidation
reaction was allowed to proceed during 10 min, the same
extent of inhibition was achieved with a concentration of
10 μM (5 mol equiv of Ni-TMPyP with respect to Mn-
TMPyP, Figure 4B, lane 11). This data are in accordance
with the affinity ofNi-TMPyP for theDNAminor groove
Figure 2. Double-stranded 19-mer oligonucleotides used. The binding site ofMn-TMPyP consisting of (AT)3 boxes are underlined and the cleavage sites
ofMn-TMPyP/KHSO5 are also indicated (arrow). One site of cleavage is present on duplex DNAwith only three consecutive AT base pairs (ds19-3AT).
Duplex containing six consecutive AT base pairs (ds19-6AT) shows four sites of cleavage. The four products of the two single-stranded cleavage reaction
are shown for ds19-3AT, which contains only one (AT)3 binding site for the nuclease. For clarity, only the single-stranded cleavage products of the upper
strand are shown for the ds19-6AT duplex. The “p” and “CHO” marks refer to 30-phosphate and 50aldehyde termini, respectively. The numbering of the
nucleoside units of oligonucleotides is also indicated.
Figure 3. Structure of the porphyrins.Nickel(II) porphyrins bear four chloride counterions.Manganese(III) porphyrins bear twowatermolecules as axial
ligands (omitted for clarity) on the central manganese ion and five chloride counterions.
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being lower than that of Mn-TMPyP due to the smaller
number of positive charges of Ni-TMPyP carried by the
porphyrin.7
The two other porphyrins,Ni-1 andNi-2, were less effi-
cient in inhibiting DNA cleavage ofMn-TMPyP/KHSO5
nuclease compared to thenickel homologueofMn-TMPyP.
Complete inhibition of DNA cleavage was achieved with
20 μMofNi-2 (1min) andwith 50 μM(10min, Figure 4B,
lane 7) and 20 μM of Ni-1 (1 min) and 50 μM (10 min,
Figure 4B, lane 19).
The results of the inhibition of the 1 and 10 min reac-
tions led to the same conclusion. Compared to Ni-TMPyP,
Ni-1 andNi-2were poor inhibitors ofMn-TMPyP/KHSO5
nuclease in the (AT)3 binding site on DNA. Ni-2 seemed
to be better than Ni-1. It was concluded that these two
porphyrin derivatives did not show significant affinity for
the minor groove of a 3 AT site.
Competitive Interaction ofPorphyrins in theMinorGroove
of Six Consecutive AT Base Pairs. In the same way as des-
cribed for the previous duplex, the Mn-TMPyP/KHSO5
nuclease was allowed to cleave ds19-6AT duplex in the
presence of competitor nickel porphyrins. The ds-19-
6AT duplex contains six AT base pairs in a row and
therefore has four potential overlapped (AT)3 binding
sites for Mn-TMPyP. The duplex was 50-labeled on the
upper strand (Figure 5A). After preincubation of the
porphyrins with DNA, the addition of KHSO5 started the
cleavage reaction that was allowed to proceed for 10 min.
As expected, ds19-6AT afforded four cleavage frag-
ments. One of them (resulting from the binding of the
nuclease in the 50-TAA box) appeared as a higher cleavage
spot (arrows, Figure 5). Under the present experimental
conditions, the reference cleavage reaction reached 20%
yield (lanes 3, 9 and 15, Figure 5). The nuclease system
was four times less concentrated compared to the reaction
analyzed in Figure 4. The concentration of competitor
porphyrin increased from 2 to 50 μM, that is, from 4 to
100 mol equiv with respect to Mn-TMPyP.
Under the used experimental conditions Ni-TMPyP
porphyrin totally inhibited the cleavage of Mn-TMPyP/
KHSO5 at 10 μM concentration (20 mol equiv with
respect to Mn-TMPyP) (lane 12, Figure 5) and effected
50% of inhibition at 5 μM (10 mol equiv) (lane 11). As in
the case of ds19-3AT, the affinity of Ni-1 and Ni-2
porphyrins can be evaluated with respect to the standard
Ni-TMPyP. Ni-1 porphyrin inhibited the cleavage reac-
tion once its concentration reached 50 μM (100 mol
equiv) (lane 20, Figure 5). Finally, Ni-2 proved to inte-
ract in the minor groove of the six AT region in a stron-
ger manner than Ni-TMPyP. It came out as the best
inhibitor and was capable of preventingDNA cleavage at
5 μM concentration (10 mol equiv) (lane 5, Figure 5).
Figure 4. Polyacrylamide gel electrophoresis analysis of the cleavage of double-stranded ds19-3AT by Mn-TMPyP/KHSO5 in the presence of competitor
nickel(II) porphyrins, Ni-TMPyP, Ni-1 and Ni-2. The duplex oligonucleotide (1 μM) was incubated with Mn-TMPyP (2 μM) in 40 mM phosphate buffer
pH 7.0, 100mMNaCl and in the presence of an increasing amount of competitor porphyrin (2, 5, 10, 20, 50 μM, i.e., 1, 2.5, 5, 10, and 25 equiv, respectively, with
respect to Mn-TMPyP) during 1 h at 0 C. Addition of KHSO5 (1 mM) activated Mn-TMPyP and started the cleavage reaction, which lasted either
1min (A) or 10min (B) at 0 C.Controls consisted of incubation of duplexDNAwith 1mMKHSO5 at 0 C(lane 1).DNAcleavage byMn-TMPyP/KHSO5 for
10 min of reaction in the absence of competitor corresponds to lanes 2, 8, and 14. The cleaved fragment (arrow) is the single stranded 50-labeled 10-mer
50-ACGTCGCTTA-30-phosphateoligonucleotide.Quantificationof this fragment is provided inAfor 1min reactionwithNi-TMPyP (9),Ni-1 (2), andNi-2 (b).
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Thus, this experiment provided, for the six AT base pairs
site, a different rank between the porphyrins: Ni-2>Ni-
TMPyP>Ni-1.
In conclusion, Ni-1 porphyrin carrying flexible bulky
substituents was unable to bind in the minor groove
of short (three AT base pairs) and long (six AT base
pairs) regions of AT sequences in comparison with Mn-
TMPyP and Ni-TMPyP. The weak cleavage inhibition
of Ni-1, which is observed with more than 40 mol equiv
may be due to nonspecific interactions of the competitor
porphyrin with DNA (electrostatic interactions). This
confirms the weak affinity reported for Mn-1 deriva-
tives for double-stranded DNA.11 Surprisingly, Ni-2
porphyrin with rigid and intermediate in length substi-
tuents, proved a better ligand than Ni-TMPyP for the
minor groove of the sixAT track, although it was unable
to bind strongly to the minor groove of the smaller
(AT)3 site.
Therefore, to know whether the manganese derivative,
Mn-2, could be a better DNA cleaving reagent than Mn-
TMPyP at the particular DNA sequence consisting of six
consecutive AT base pairs it was incubated with KHSO5
and tested as a DNA cleaver.
Oxidation Reaction of the Manganese Porphyrins,
Mn-1 and Mn-2 Associated to KHSO5 toward DNA. The
ds19-6AT duplex was 50-labeled on the upper strand
(Figure 6A) and tested with individual manganese porphyr-
in.Different concentrations of manganese porphyrin were
tested. Mn-TMPyP was reacted at 0.5 μM, while Mn-1
and Mn-2 were reacted at 0.5, 2.5, and 12.5 μM concen-
tration. After the binding equilibrium between the man-
ganese porphyrin and DNA was reached, KHSO5 was
added in the reaction medium and the oxidation reaction
was allowed to proceed for 10min. The standard cleavage
reaction mediated by Mn-TMPyP/KHSO5 is shown
again in lanes 1 (Figure 6). Mn-1 did not generate any
direct cleavage fragments (lanes 2-4, Figure 6), which
is consistent with the fact that the nickel derivative of
this porphyrin, Ni-1, was unable to interact significantly
in the minor groove of the duplex. However,Mn-2 asso-
ciated to KHSO5 proved not to be an efficient nuclease
although Ni-2 was able to strongly bind to the minor
groove of a sixATbase pairs site. Some cleavage products
identical to those generated by Mn-TMPyP/KHSO5
could be observed but in much smaller amounts (lanes
5-7, Figure 6). The reactive center ofMn-2, the MnV-oxo
entity, was not properly positioned for efficient hydro-
xylation at the 50-position of deoxyribose. Unfortunately,
this work cannot give any indication of the precise bind-
ing mode ofMn-2.
Figure 5. Polyacrylamide gel electrophoresis analysis of the cleavageof double-strandedds19-6ATbyMn-TMPyP/KHSO5 in the presenceof competitor
nickel(II) porphyrins, Ni-2 (lanes 4-8), Ni-TMPyP (lanes 10-14) and Ni-1 (lanes 16-20). The duplex oligonucleotide (1 μM) was incubated with Mn-
TMPyP (0.5 μM) in 40 mM phosphate buffer pH 7, 100 mMNaCl and in the presence of increasing amounts of competitor porphyrin (1, 5, 10, 20, and
50 μM, i.e., 2, 10, 20, 40, and 100 equiv, respectively, with respect toMn-TMPyP) during 1 h at 0 C. Addition of KHSO5 (250 μM) activatedMn-TMPyP
and started the cleavage reaction, which lasted 10min at 0 C. Controls consisted of incubation of duplex DNAwithout and with 250 μMKHSO5 at 0 C,
lanes 1 and2, respectively.DNAcleavage byMn-TMPyP/KHSO5 in the absenceof competitor can be seen in lanes 3, 9, and 15.ThemajorDNAfragment is
the 50-labeled single-stranded 12-mer 50-GCTCGTCTATAA-30-phosphate oligonucleotide.
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Nevertheless, under oxidative conditions, Mn-1 and
Mn-2 porphyrin derivatives were not inactive against
DNA. Mainly Mn-1, and to a lesser extent Mn-2, led to a
broadening of the full-length DNA band and to the
formation of slow migrating material above the full-
length DNA (b) (Figure 6). These effects appeared
only at a high concentration (12.5 μM) of Mn-1 and
Mn-2. The distinct slow migrating band was absent
when Ni-1 and Ni-2 were used as competitors for Mn-
TMPyP/KHSO5 (not shown). The formation of retarded
material cannot be accounted for some noncovalent
interactions between the cationic porphyrins and DNA
because it is clearly KHSO5 dependent, as will be shown
in Figure 7.
The slow migrating material was analyzed on the two
strands of the duplex oligonucleotide and subjected to
alkaline treatment in order to gain some insight into the
molecular mechanism leading to its formation. Figure 7
shows the polyacrylamide gel analysis of the reaction
mixtures of ds19-6AT incubated with Mn-TMPyP/
KHSO5 and Mn-1/KHSO5 systems. The analysis of the
oxidative reactions through the 50-end labeling of the
upper and the lower strand of the duplex are shown
Figure 7, panels A and B, respectively. Slower migrating
material was observed on the two strands of the duplex
withMn-1 (10 μM) in the presence ofKHSO5 (lanes 4 and
16, Figure 7). One can note here two different slowmigra-
ting bands instead of one in Figure 6. The second and
slower migrating band (O), lanes 4 and 16, was in a lower
amount compared to the other one (b). The retarded
products migrated at a distance corresponding to the
position of a standard 50-labeled single-stranded 39-mer
oligonucleotide (O) and a 50-labeled single-stranded 27-mer
oligonucleotide (b) of random sequences (not shown). In
the absence of KHSO5, the two slower migrating bands
were absent (lanes 3 and 15, Figure 7). They proved un-
stable uponpiperidine treatment (lanes 10 and22,Figure 7).
Alkaline treatment gave rise to cleavage products co-
migrating with the fragments of the G-lane of Maxam
and Gilbert sequencing reaction (not shown). They may
arise both from the slow migrating material as well as
from the damaged full-length DNA.
Thus,Mn-1 porphyrin mediated oxidative DNAdamage
at G residues in the presence of KHSO5. The slowmigrat-
ing products may consist either of cross-links between the
two strands of theDNAduplex or ofDNA/porphyrin co-
valent adductsdue toguanineoxidation.Guanineoxidation
by MnIII-porphyrin/KHSO5 is well documented.
46,53-55
Manganese porphyrins activated by KHSO5 are able
to mediate one and two electron oxidation of guanine.55
These mechanisms of oxidation may account for the for-
mation of DNA/DNA cross-links or porphyrin/DNA
adducts. Furthermore, oxidative damage at guanine is
often associated with a broadening of the full-length
DNA band on electrophoresis gels implying that guanine
oxidation, not associated with slower migrating mate-
rial, was also possible. Oxidative chemistry mediated
by Mn-1/KHSO5 may occur at any guanine position on
the 19-mer DNA. The smaller fragments of both DNA
strands were not observed under the chosen electrophor-
esis conditions.
In the presence of KHSO5, a Mn
V-oxo species is likely
to form with a similar yield with the three porphyrins,
namely, Mn-TMPyP, Mn-1 and Mn-2. The three MnV-
oxo should be endowed with the same catalytic oxidation
capacity. However, the efficiency of DNA damage and
the nature of the oxidation products depend on the inter-
action of the porphyrin with DNA. When the activated
species (MnV-oxo) interacts inside the minor groove in a
suitable position with respect to deoxyriboses, hydroxy-
lation of sugar carbon occurs. This is the key of the high
efficiency of Mn-TMPyP/KHSO5 nuclease at (AT)3 sites
where it is active at very low concentrations. However, it
has been demonstrated that when theMnV-oxo species of
a porphyrin derivative is not in close contact with CH
Figure 6. Polyacrylamide gel electrophoresis analysis of the cleavage of
double-stranded ds19-6AT byMn-TMPyP,Mn-1 andMn-2, in the pre-
sence of KHSO5. Manganese porphyrins were preincubated with labeled
duplex during 1 h at 0 C in 40mMphosphate buffer pH=7.0, NaCl 100
mM. Addition of KHSO5 (250 μM) started the oxidation reaction, which
lasted 10min at 0 C.Mn-TMPyPwas tested at 0.5 μM(lane 1) whileMn-1
(lanes 2-4) andMn-2 (lanes 5-7) concentrationswere0.5, 2.5, and12.5μM.
T stands for TMPyP. Slowermigratingmaterial is marked (b). Cleavage
fragments are indicated by arrows.
(53) Pratviel, G.; Meunier, B. Chem.;Eur. J. 2006, 12, 6018–6030.
(54) Mourgues, S.; Kupan, A.; Pratviel, G.; Meunier, B. ChemBioChem
2005, 6, 2326–2335.
(55) Makarska, M.; Pratviel, G. J. Biol. Inorg. Chem. 2008, 13, 973–979.
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bonds of deoxyriboses, the activated form of the manga-
nese porphyrin instead reacts by an electron transfer
mechanism.54 The most oxidizable bases of DNA, namely,
guaninebases,become the siteofDNAdamage.46,54Guanine
oxidation by electron transfer is not as demanding as
deoxyribose hydroxylation in terms of the distance be-
tween the MnV-oxo and DNA. Since Mn-1 is a pentaca-
tionic porphyrin, it may approach DNA through electro-
static interactions with the phosphate groups. Additionally,
in the case of the 19-mer duplex used in the present study,
it may interact by π-π stacking with the last base pair of
the short duplex. Thus, from these two nonspecific bind-
ing modes (electrostatic interactions with phosphates or
stacking with the last base pair of the duplex), Mn-1
activated into a MnV-oxo species by KHSO5 was able
to mediate guanine oxidation, which was at the origin of
the formation of either DNA/DNA cross-links or DNA/
porphyrin covalent adducts. However, this oxidative
degradation of DNA is only observed at high porphyrin
concentration due to a low affinity binding constant
between Mn-1 and DNA.11 Mn-2 behaved in an inter-
mediate manner compared to Mn-TMPyP and Mn-1. It
was only capable of faint cleavage at the minor groove of
DNA at the six AT site compared to Mn-TMPyP, and
mediated less guanine damage than Mn-1. The behavior
of Mn-2 toward oxidative DNA damage may be inter-
preted in terms of a reduced availability of porphyrin for
guanine damage due to binding (cleavage-inactive) of
part of the porphyrin in the six AT site.
In summary, the manganese porphyrinsMn-1 andMn-
2 activated by KHSO5 to oxidative reagents were unable
to mediate efficient DNA damage at the six AT site. This
result was not surprising in the case ofMn-1 sinceMn-111
and Ni-1 (this work) were known to be poor double-
strandedDNA ligands. However,Mn-2was not expected
to be a sluggish reagent since Ni-2 was shown to be a
strong ligand for the minor groove of long AT sequences.
Actually, the very low reactivity ofMn-2might be explained
Figure 7. Polyacrylamide gel electrophoresis analysis of the cleavage of double-stranded ds19-6AT byMn-TMPyP andMn-1 associated with KHSO5.
The 50-labeled upper strand of the duplex was analyzed in the left part of the gel. The complementary 50-labeled strand was analyzed in the right part of the
gel.Mn-TMPyP (0.5μM) andMn-1 (10μM)were preincubatedwith labeled duplex during 1 h at 0 C in 40mMphosphate buffer pH=7.0,NaCl 100mM.
AdditionofKHSO5 (250μM) started the oxidation reaction,which lasted 10min at 0 C.The sampleswere analyzed either directly at the endof the reaction
(lanes 1-6 and 13-18) or after piperidine treatment (alkali labile sites) (lanes 7-12 and 19-24). The marks (b, O) indicate slower migrating materials.
T stands for TMPyP.DNA fragments are marked according to themigration ofMaxam andGilbert sequencing lanes. Direct cleavage fragmentsmediated
byMn-TMPyP/KHSO5nuclease (without alkaline treatment) are shownby arrows. The cleavage fragments of the contaminatingC38 andT19bands are the
same as those of the full-length DNA(fl).
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by an unsuitable positioning of the MnV-oxo entity with
respect to CH bonds of deoxyriboses without necessarily
excluding a tight binding of the porphyrin in the minor
groove of the longAT sequence.Guanine oxidative damage
at high porphyrin concentration reveals weak and non-
specific interactions of these cationic porphyrins with
DNA (negative phosphate groups and/or stacking inter-
action with the terminal base pairs).
Binding Affinity of Manganese Porphyrins for AT-rich
and GC-rich Duplexes Measured by SPR. The competi-
tion studies did not allow the determination of the bind-
ing affinity of the manganese derivatives for DNA. Thus,
the binding capacity of the manganese porphyrins for
AT-rich and GC-rich DNA was assayed by surface plas-
mon resonance (SPR). Although SPR does not give any
information on the mode of binding, on the opposite to
previous competition studies, it gives access to the affinity
binding constant of a ligand toward a target. Two 50-bio-
tinylated hairpin DNA duplexes were grafted on the
surface of sensor chip, an AT- and a GC-rich duplex.
The results confirm the absence of binding ofMn-1 to the
two types of DNAs, the selective binding of Mn-TMPyP
onAT-richDNAand the high binding affinity ofMn-2 to
AT-rich DNA (Table 1).
Conclusions
Ni-TMPyP and Mn-TMPyP porphyrins, carrying four
N-methylpyridiniumyl substituents, are endowed with a high
affinity for theminorgrooveofDNA(KA∼10
6
-107M-1).23,43
The minimum number of consecutive AT base pairs for this
strong interaction to take place is only three AT base pairs.
The flexible and bulky cationic substituents ofNi-1 andMn-1
porphyrins preclude their interaction in the minor groove of
DNA. Consequently, these porphyrins are only able to inter-
act with longDNApolymers by electrostatic interactions with
the negative charges of the phosphate groups, which may
account for the previously observed binding constants on the
order of 104-105 M-1.11,56 More rigid and bulky cationic
substituents, such as phenyl-pyridiniumyl groups, present on
Ni-2 porphyrin prevent the interaction of this porphyrins in
the minor groove of three consecutive AT base pairs sites but
proved compatible with a high binding affinity for the minor
groove of longer sequences consisting of six consecutive AT
base pairs where Ni-2 was clearly a better ligand than Ni-
TMPyP. Since cationic porphyrins are promising ligands for
quadruplex DNA, these data on the structural modifications
that influence their binding to DNA should be helpful in the
design of new quadruplex selective agents based on porphyr-
ins. Indeed, a specific G-quadruplex ligand must bind to
G-quadruplex DNA with a high affinity binding constant
and must not show any affinity for double-stranded DNA,
whose intracellular concentration is much higher.
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Table 1. Porphyrin BindingConstants toDouble-StrandedDNAMeasured by SPR
AT DNA GC DNA
Mn-TMPyP 0.5  107 M-1 -a
Mn-1 - -
Mn-2 6  107 M-1 -
aNo binding (-).
(56) Ding, L.; Bernadou, J.; Meunier, B. Bioconjugate Chem. 1991, 2,
201–206.
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Synthetic procedures for meso-5,10,15,20-tetrakis(4-N-methylpyridiniumyl)porphyrin.  
Materials and Methods 
The following compounds were commercially available: manganese(II) acetate tetrahydrate, 
nickel(II) acetate tetrahydrate, methyl tosylate, and 2,4,6-collidine (Aldrich), pyrrole, pyridine 4-
carboxaldehyde, and DOWEX 1x8-200 resin (chloride form) (Acros). DMF was dried over 4 Å 
molecular sieves. 1H NMR spectra were recorded on Bruker Avance 300 or ARX 250 
spectrometer with the residual solvent peak as internal calibration. Mass spectra were recorded 
either on a PerkinElmer SCIEX API 365 or Applied Biosystems Q TRAP. UV-visible spectra 
were recorded on a Hewlett Packard 8452A spectrophotometer. Porphyrins were prepared 
according to literature procedures1-2 with some modifications as detailed below. 
Meso-5,10,15,20-tetrakis(4-pyridyl)porphyrin. Pyrrole (3.36 g, 50 mmol) was dissolved in 
propionic acid (50 mL) and added to a solution of pyridine-4-carboxaldehyde (5.36 g, 25 mmol) 
in propionic acid (50 mL). Then the reaction mixture was refluxed at 140 °C for 1 h 30 in the 
dark. The solvent was removed under reduced pressure. The residue was dissolved in DMF (150 
mL) and refluxed for 30 min (150 °C). After cooling to room temperature, the solution was kept 
at -20 °C overnight during which the porphyrin precipitated. The precipitate was filtered off 
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(fritted glass, porosity 4) and the solid residue was washed with diethyl oxide. The solid was 
dried under vacuum. Yield: 1.13 g (1.8 mmol, 14%) purple solid. 1H NMR (300 MHz, 
CD3COOD), δ 9.33 (d, J = 6.0 Hz, 8H, Ho), 9.08 (s, 8H, pyrrole), 8.66 (d, J = 6.0 Hz, 8H, Hm). 
Meso-5,10,15,20-tetrakis(4-N-methylpyridinumyl)porphyrin tetratosylate (H2-TMPyP). 
Meso-5,10,15,20-tetrakis(4-pyridyl)porphyrin (607 mg, 0.98 mmol) and methyl tosylate (25 g, 
145 mmol) were mixed in DMF (100 mL) and refluxed during 16 h under stirring. The volume of 
DMF was reduced to 5 mL by evaporation. The porphyrin was precipitated by the addition of 
acetone (100 mL). The precipitate was filtered off (fritted glass, porosity 4) and dissolved in 
water (100 mL), extracted by CH2Cl2 (3x200 mL). The aqueous phase was reduced to 5 mL. The 
porphyrin was precipitated by the addition of acetone (100 mL). The precipitate was filtered off 
and dried under vacuum. Yield: 724 mg (0.53 mmol; 54%) purple solid. 1H NMR (300 MHz, 
DMSO-d6), δ 9.48 (d, J = 6.6 Hz, 8H, Ho), 9.18 (s, 8H, pyrrole), 8.98 (d, J = 6.9 Hz, 8H, Hm), 
7.46 (d, J = 8.1 Hz, 8H, Ho tosylate), 7.08 (d, J =  8.1 Hz, 8H, Hm tosylate), 4.73 (s, 12H, CH3), 
2.26 (s, 12H, CH3-tosylate), -3.1 (s, 2H, NH pyrrole). UV-Vis (H2O), λ max nm (ε M-1 cm-1) 422 
(200x103), 518 (14 x103), 556 (5.4x103), 584 (6 x103) 644 (1.1 x103).  
Meso-5,10,15,20-tetrakis(4-N-methyl-pyridiniumyl)porphyrinatomanganese(III) 
pentachloride (Mn-TMPyP). H2-TMPyP tetratosylate (150 mg, 0.11 mmol) was refluxed in 
water (20 mL) with manganese(II) acetate tetrahydrate (35 mg, 1.3 equiv) during 2 h at 100 °C. 
The reaction was monitored by UV-visible spectroscopy and was stopped when the Soret band 
shift was complete (from 422 to 462 nm, H2O). At the end of the metallation, water was 
evaporated. The porphyrin was then diluted in the minimum amount of methanol. Tosylate anions 
were exchanged by chloride on anion exchange resin (DOWEX 1x8-200) (6.2 g of resin) for 15 h 
at ambient temperature with slow stirring. The solution was filtered and the resin was washed 
with methanol (10 mL). The volume of methanol was reduced to 1-2 mL and the porphyrin was 
precipitated by the addition of Et2O. The precipitate was filtered, washed with Et2O, dried and 
taken in water (4 mL). The manganese salts were allowed to precipitate at 4 °C. The aqueous 
phase was separated, evaporated to dryness. The solid was dried under vacuum. Yield: 84 mg 
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(0.09 mmol, 84%) purple metallic porphyrin. UV-Vis (H2O), λ max nm (ε M-1 cm-1) 462 
(100x103), 399 (40x103), 379 (39x103), 331 (28x103), 560 (12x103). HRES+-MS m/z: calculated 
for [C44H36MnN8]4+ = 182.8111, found: 182.8102.  
Meso-5,10,15,20-tetrakis(4-N-methyl-pyridinium)porphyrinatonickel(II) tetrachloride (Ni-
TMPyP ). H2-TMPyP tetratosylate (82 mg, 0.06 mmol) and nickel(II) acetate tetrahydrate (106 
mg, 7 equiv) were heated in DMF/H2O (1:1) (4 mL) and 2,4,6-collidine (1 mL) at 100 °C in the 
dark for 6 h. The reaction was monitored by UV-visible spectroscopy and was stopped when the 
Soret band shift was complete (from 445 to 422 nm, H2O, acidic pH). After cooling to RT, the 
product was precipitated by the addition of 2-propanol (15 mL) and of Et2O (50 mL) at 4°C 
during 1 h. The solution was centrifuged, the solid was taken in H2O (1 mL) and excess of nickel 
salt was allowed to precipitated at 4 °C. The aqueous phase was collected and evaporated. The 
red solid was taken in a mixture CH3OH/H2O (20:80) and acetate anions were exchanged by 
chlorides on anion exchange resin (DOWEX 1x8-200) (3 g of resin) by slow stirring at ambient 
temperature for 48 h. The solution was filtered and the resin was washed with methanol (10 mL). 
The solvent was evaporated to dryness. The product was taken in the minimum amount of 
DMF/H2O then 2-propanol (12 mL) and Et2O (50 mL) were added and the product precipitated. 
The solution was centrifuged and the solid was dried under vacuum. Yield: 35.6 mg (0.04 mmol, 
67%) red metallic solid. UV-Vis (H2O), λ max nm (ε M-1 cm-1) 422 (90x103), 440 (87x103), 556 
(6x103). HRES+-MS m/z: calculated for [C44H36N8Ni]4+ = 183.5604, found: 183.5596. 
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13C NMR analysis of meso-5,10,15,20-tetrakis(4-(N-methyl-pyridinium-2-
yl)phenyl)porphyrin tetrachloride. The chloride form of the porphyrin was obtained from the 
meso-5,10,15,20-tetrakis(4-(N-methyl-pyridinium-2-yl)phenyl)porphyrin 
tetrakis(trifluoroacetate)  porphyrin by anion exchange performed on a DOWEX 1x8-200 resin 
column (chloride form). The product was then precipitated by the addition of diethyl ether. 
13C{1H} spectrum was recorded on Bruker Avance-500 spectrometer with the residual solvent 
peak as internal calibration. Numbering of carbon atoms is indicated in Figure S1. 13C NMR 
(125.8 MHz, d6-DMSO, 343 K) δ 155.65 (C6), 147.59 (C2), 146.91 (C12), 146.16 (C4), 144.34 
(C10), 135.14 (C9), 132.10 (C11/C13), 130.68 (C5), 128.46 (C8), 127.50 (C3), 119.67 (C7), 
47.91 (C1). 
 
 
 
Figure S1. Numbering of carbon atoms on meso-5,10,15,20-tetrakis(4-(N-methyl-pyridinium-2-
yl)phenyl)porphyrin. 
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Figure S2. A: Structure of the labeled duplex. The 5’-[32P]-phosphate group is indicated by an asterisk. DNA 
cleavage site by Mn-TMPyP/KHSO5 is shown by an arrow. (AT)3 box is underlined. B: Polyacrylamide gel 
electrophoresis analysis of the cleavage of ds19-3AT by Mn-TMPyP/KHSO5 in the presence of competitor nickel(II) 
porphyrins, Ni-TMPyP, Ni-1 and Ni-2. The duplex oligonucleotide (1 µM) was incubated with Mn-TMPyP (2 µM) 
in 40 mM phosphate buffer pH 7.0, 100 mM NaCl and in the presence of increasing amount of competitor porphyrin 
(2, 5, 10, 20, 50 µM i.e.: 1, 2.5, 5, 10, and 25 equivalent, respectively, with respect to Mn-TMPyP) during 1 h at 0 
°C. Addition of KHSO5 (1 mM) activated Mn-TMPyP and started the cleavage reaction, which lasted 1 min at 0 °C. 
Controls consisted of incubation of duplex DNA without (lane 1) and with 1 mM KHSO5 at 0 °C (lanes 2). DNA 
cleavage by Mn-TMPyP/KHSO5 in the absence of competitor corresponds to lanes 3, 9, and 15. The cleaved 
fragment (arrow) is the single stranded 5’-labeled 10-mer 5’-ACGTCGCTTA-3’-phosphate oligonucleotide. 
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Surface plasmon resonance analysis of the interaction manganese porphyrins with duplex 
DNA.  
Experimental Section 
All experiments were performed using ProteOn XPR36 instruments developed by Bio-Rad. The 
ProteOn XPR36 parallel array biosensor was used to characterize the binding kinetics of a set of 
small molecule/DNA interactions. Using one injection with the ProteOn's crisscrossing flow path 
system, we collected response data for six different concentrations of each analyte over two 
different target DNA surfaces. 
DNA immobilization: Two 5’-biotinylated hairpin DNA duplexes were grafted on the surface of a 
streptavidine sensor chip, an AT-rich duplex, 5’-biot-
CGAATTATAAATCGTCTCCGATTTATAATTCG and a GC-rich duplex, 5’-biot-
GGCATAGTGCGTGGGCGTTAGCTTTTGCTAACGCCCACGCACTAT GCC. Biotinylated 
DNA probes were immobilized on the surface of NLC sensorchip (Biorad) at a flow rate of 30 
µL/min in a 10 mM Hepes Buffer (pH = 7.4) supplemented with 150 mM NaCl, 3 mM EDTA, 
0,005% P20 and 200 mM KCl. This immobilization step resulted in coupling 300 RU of DNA 
probes on two channels with another channel left empty to be used as a reference surface. 
Analytes injections: Kinetic response data were collected for a series of porphyrins. Each 
compound was tested at six concentrations using a two fold dilution series and ranging from 31.3 
nM to 3 µM. The six concentrations of each analyte were injected simultaneously at a flow rate 
of 50 µL/min for a 5-min association phase, which was followed by a 5-min dissociation phase. 
Standard experiments were performed at 25 °C, in 10 mM Hepes Buffer (pH = 7.4) supplemented 
with 150 mM NaCl, 3 mM EDTA, 0,005 % P20 and 200 mM KCl. 
Data processing and analysis: Response data from the ProteOn instrument were first zeroed on 
the y axis just prior to the start of the analyte injection. Responses from the reference channel 
were subtracted from the GC duplex or AT duplex data to correct for any bulk shifts due to a 
mismatch between the sample and running buffer as well as any nonspecific binding.  Finally, the 
data for each analyte concentration series collected over the same target surface were globally fit 
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to a 1:1 interaction model with one local parameter for surface capacity (Rmax), one association 
rate constant (ka), and one dissociation rate constant (kd). The ratio of the rate constants (kd/ka) 
yielded the value for the equilibrium dissociation constant (KD) and equilibrium association 
constant (KA = 1/KD). 
 
 
Figure S3. Sensorgrams for molecules Mn-TMPyP Mn-1, and Mn-2 on GC and AT DNA 
duplex. All tested molecules were injected on flow cells at a flow rate of 50 mL/min and exposed 
to the surface for 300 s (association phase) followed by a 300 s flow running during which 
dissociation occurred. Molecules were injected at different concentrations ranging from 31.3 nM 
to 3 µM in HBS-EP buffer supplemented with 200 mM KCl. Results are expressed in resonance 
units (RU) as a function of time in seconds. 
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Figure S4. Fitting of the SPR kinetics of Figure S3 with Langmuir model. 
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5.1 ITRODUCTIO 
 
 
Photocleavage of nucleic acids typically involves an initial oxidative reaction with 
either a nucleobase or sugar residue.  The damaged nucleotide then degrades either 
spontaneously or after incubation of the nucleic acid in hot piperidine, yielding in shorter 
DNA strands and small molecules such as sugar fragments or nucleobases. 
 
In the field of DNA photocleavage, we can mention different oxidation mechanisms: 
 
(i) Sugar ring oxidation by hydrogen atom abstraction. 
 
Abstraction of a hydrogen atom from ribose or 2-deoxyribose produces a carbon based 
sugar radical that can rearrange, culminating in scission of the nucleic acid strand.1,2 The 
hydrogen atoms on carbons 1’, 3’, 4’, and 5’ are thermodynamically reasonable targets for 
abstraction due to the presence of heteroatoms at α-positions (Figure 5.1). 
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Figure 5.1  The seven 2-deoxyribose hydrogen atoms 
 
The fact that identical 2-deoxyribose residues are found at every step along DNA duplex 
means that cleavage by hydrogen abstraction is inherently non-selective with respect to the 
sequence. Examples of photocleavage agents by hydrogen atom abstraction are the metal 
complexes uranyl ion, rhodium(II) or Co(III)-Bleomycin.3-5 
 
Oxidative DNA damage by abstraction of hydrogen atoms from 2-deoxyribose to give 
sugar radicals and water can also be due to the hydroxyl radical. Several methods exist for 
production of hydroxyl radicals, the simplest of which involves compounds that generate 
hydrogen peroxide photochemically. The peroxide can then decompose to form hydroxyl 
radicals under the irradiation or after reduction by metals ions.3 
 
 
(ii) ucleobase oxidation by (a) electron transfer or (b)by singlet oxygen production 
 
(a)  Direct electron transfer from the base to the excitated-state photocleaver 
The abstraction of one electron from the guanine generates the guanine radical 
cation that after deprotonation reacts with other radical species giving different 
guanine oxidation products.6 
    CHAPTER 5 
  Photochemical cleavage of DNA   
 - 167 - 
 
(b) Triplet energy transfer from the excited photocleaver to O2, producing 
singlet oxygen, which then reacts with the base.  
Triplet state from excited compounds can generate singlet oxygen by energy 
transfer to O2. Singlet oxygen is a highly reactive species that preferentially 
adds to guanine. The resulting oxidized guanine is sensitive to piperidine 
treatment which induces a strand break.7  
 
The oxidation potentials and reactivities of the four bases vary over a wide range, with 
guanines being the most easily oxidized as well as the most reactive toward singlet oxygen. In 
all cases, the base damage does not lead to spontaneous cleavage of the DNA; incubation of 
the irradiated nucleic acid with hot piperidine is usually required in order to reveal the damage 
by a cleavage event. 
 
Quinacridine-derivates have been shown to be powerful quadruplex interactive 
compounds.8,9 M. P. Teulade-Fichou and co-workers, developed the trisquinolizinium tris-
tetrafluoroborate, TRISQ, shown in Figure 5.2. Hélène Bertrand (thesis, Université Pierre et 
Marie Curie, 2008) has synthesized and studied the photochemical properties of TRISQ 
together with its ability to mediate DNA photocleavage by agarose electrophoresis analysis. 
 
 
Summary of TRISQ studies performed by H. Bertrand:  
 
Electrophoresis analysis has been performed using supercoiled DNA. Single-strand cleavage 
converts the circular supercoiled DNA to a relaxed, circular form while double-strand 
cleavage produces linear DNA (Figure 5.3). The three forms are separated on an agarose gel 
and detected by fluorescent staining. It has been observed that irradiation of TRISQ in the 
presence of supercoiled DNA (pUC19) introduced nicks into the DNA.  
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Figure 5.2 Structure of Trisquinolizinium tris-hexafluorophosphate (TRISQ) 
 
 
After preincubation of TRISQ (12 µM) with plasmid pUC19 (60 µM bp) by 10 min of 
UV irradiation, 90% of single-strand cleavage was quantified.  The treatment of supercoiled 
DNA with TRISQ in the absence of UV irradiation did not cause DNA cleavage. 
 
 
 
                       Supercoiled DNA               Circular DNA                   Linear DNA  
 
 
Figure 5.3 The three forms of the pUC19 DA: circular supercoiled, relaxed circular 
DA (after single-strand cleavage) and linear DA (after double-strand cleavage). 
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5.2 OXIDATIO OF QUADRUPLEX DA BY TRISQ UDER LIGHT 
IRRADIATIO  
 
  
Electrophoresis analysis using supercoiled DNA is highly sensitive since single-strand 
or double-strand cleavages occurring anywhere in the molecule are sufficient to cause the 
change to circular or linear forms. However, no information is obtained from this method with 
regards to the preferred cleavage sequences. 
 
 In order to determine the photosensitive properties of TRISQ toward quadruplex DNA, 
polyacrylamide gel electrophoresis using end-labeled quadruplex DNA has been performed. 
This method provides considerable information about the drug selectivity and the preferred 
cleavage sequences. 
 
 The studied telomeric DNA target (single-stranded 33-mer DNA 5’-
TTTTTT(TTAGGG)4TTA- 3’) is composed by four human telomeric repeats (GGGTTA) able 
to fold into an intramolecular quadruplex. The oxidative reactivity of the TRISQ under light 
irradiation toward the human telomeric sequence was performed with 1 µM concentration of 
the telomeric target in the presence of 100 µM of TRISQ (Figure 5.4) in Tris/NaCl (lanes 7-9) 
and in Tris/KCl (lanes 11-13) buffer. TRISQ was preincubated with labeled DNA during 30 
min at 0 °C followed by irradiation with a glass filter during 30 min and 60 min (λ > 300 nm). 
After piperidine treatment, the resulting products were analyzed on a 20% denaturing 
polyacrylamide gel. The glass filter is necessary to cut off UV radiation, responsible of DNA 
damage. 
 
TRISQ proved capable of telomeric G-quadruplex photocleavage at high concentration (100 
µM). When the oxidation reaction was performed in the presence of K+ ions (Figure 5.4, lanes 
11-13), TRISQ was able to mediate oxidative damage at the G1, G2, G3, G4 and G6 residues. 
When the oxidation reaction was performed in the presence of Na+ ions (Figure 5.4, lanes 7-9), 
main cleavage sites are G1, G6, G9, and G10 associated with lower reactive sites such as G2, G3, 
G4, and G7.  
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Figure 5.4 Polyacrylamide gel electrophoresis analysis of 5’-[32P]-labeled single-
stranded 33-mer DA 5’-TTTTTT(TTAGGG)4TTA- 3’ sequence. TRISQ (100µM) was 
preincubated with DA (1µM) during 30 min at 0 °C in 10 mM Tris/HCl buffer pH = 8.0, in 
the absence of salts (lanes 4-6), in the presence of aCl 200 mM (lanes 7-9) and in KCl 200 
mM (lanes 11-13), and exposed to light with a glass filter (0, 30 and 60 min in aCl and 10, 
30 and 60 min in KCl).  
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The reactive sites are significantly different when TRISQ reacted with the human telomeric 
sequence in the presence of K+ or Na+. This fact could be due to the formation of different 
quadruplex structures.10-13  
  
 In the absence of K+ or Na+ cations (Figure 5.4, lanes 4-6) uniform cleavage at 
guanines is observed. This indicated that the human telomeric DNA, under these conditions 
(absence of cations), is unfolded and the guanines located in single-stranded region could be 
oxidized. 
 
Y. Wang and D. J. Patel have reported that the human telomeric sequence 22 nucleotide (nt) 
5’- AGGG(TTAGGG)3 - 3’ adopts in Na
+ solution an antiparallel-stranded G-quadruplex 
structure (Figure 5.5) using a combined NMR, distance geometry and molecular dynamics 
approach.14 
 
 
 
 
 
 
 
 
 
 
 
 
                           5’-A GGGTTA GGGTTA GGGTTA GGG-3’ 
                                                2                  8                   14                 20   22    
 
 
Figure 5.5 Schematic structure of intramolecular G-quadruplex formed by four-repeat 
human telomeric sequence in a
+
 solution using MR.
14 
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In the presence of K+ two folding topologies has been proposed by D. J. Patel and co-
workers, (Hybrid-1 and Hybrid-2) shown in Figure 5.6.12,15  
 
 
 
 
 
 
 
 
                       Hybrid 1                                                           Hybrid 2 
 
Figure 5.6  Schematic structure of intramolecular G-quadruplex for 
d[TT(GGGTTA)3GGGA] sequence (Hybrid-1) and d[TAGGG(TTAGGG)3TT](Hybrid-2) 
observed in K
+
 solution using MR.
12,15
 
 
 
 
However, the quadruplex folding of a G-rich oligonucleotide does not depend only on 
the nature of salts. In solution, the DNA target may be viewed as a mixture of folded entities 
in equilibrium, one of them possibly being the major form under particular salt conditions. 
Furthermore, DNA folding varies with the nature of the flanking sequences and may 
additionally be susceptible of changes upon the addition of an interacting dye. In the present 
case, the cleavage sites observed with TRISQ are compatible with the dye interacting with one 
or other external G-tetrad of the folded telomeric DNA in K+ and Na+ buffers. The different 
intensities noted at each guanine site illustrate the different foldings of DNA under different 
salt conditions together with probable variations in the binding of TRISQ toward various 
external π−π stacking platforms available on the various forms of quadruplex DNA in 
solution. 
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5.2.1 Comparison of TRISQ and porphyrins 
 
After studying the interaction of TRISQ with the telomeric DNA (single-stranded 33-
mer DNA 5’-TTTTTT(TTAGGG)4TTA- 3’), we decided to study its photoactive properties 
toward another human telomeric sequence that adopts  one major structure in K+ thanks to the 
presence of a double-stranded stem (Figure 5.7).16,17  
In this case, meso-5,10,15,20-tetrakis(4--methylpyridinumyl)porphyrins (H2-TMPyP4) and   
meso-5,10,15,20-tetrakis(4-(-methyl-pyridinium-2-yl)phenyl)porphyrin (H2-MA) (Figure 
5.8) were included in order to compare their photoactive properties with TRISQ. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7 Human telomeric sequence (single-stranded 39-mer DA, ss39-mer) 
 
 
The photosensitizing activity of H2-TMPyP4 was used by R. T. Wheelhouse et al. in 
1998 in order to probe the binding site of this porphyrin on quadruplex DNA.17 It was found 
that H2-TMPyP4 bound by stacking interactions with the last tetrad by photocleavages 
experiences. A new porphyrin (H2-MA) with phenylpyridiniumyl rigid substituents was also 
tested. 
CHAPTER 5 
Photochemical cleavage of DNA 
 - 174 - 
 
 
 
 
 
 
                                  
                               
 
  
 
 
                     H2-TMPyP                                                                    H2-MA 
 
Figure 5.8 Structure of meso-5,10,15,20-tetrakis(4--methylpyridinumyl)porphyrin (H2-
TMPyP4) and  meso-5,10,15,20-tetrakis(4-(-methyl-pyridinium-2-yl)phenyl)porphyrin (H2-
MA) 
 
The oxidative reactivity of TRISQ under light irradiation toward the human telomeric 
sequence (ss39-mer) was performed with 1 µM concentration of the telomeric target in the 
presence of 100 µM of TRISQ in Tris/HCl (lanes 19-21) and Tris/KCl (lanes 22-24).  
In the case of the two porphyrins, 1 µM of H2-TMPyP4 and H2-MA were preincubated with 1 
µM of labeled DNA during 30 min in Tris/HCl buffer (lanes 3-6 for H2-TMPyP and lanes 11-
14 for H2-MA), in Tris/KCl (lanes 7-10 for H2-TMPyP4 and lanes 15-18 for H2-MA) and 
exposed to light with a glass filter during 5, 10, and 20 min. After piperidine treatment, the 
resulting products were analyzed on a 20% denaturing polyacrylamide gel (Figure 5.9).  
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If we focus our attention on TRISQ in absence of K+ (lanes 19-21), uniform cleavage at 
guanines is observed. It is important to point out that this molecule is only active at high 
concentration (100µM) and with a long light exposure time (60 min). In addition, unlike the 
previous quadruplex DNA studied, in K+ solution (lanes 22-24) oxidation cleavage is not 
observed. However, this negative observation corresponds to only one experiment, on the 
opposite to the previous quadruplex DNA, which afforded reproducible photocleavage data.  
 
 On the other hand, H2-TMPyP4, in the absence of K
+ (lanes 3-6, Figure 5.9) presents a 
uniform cleavage at guanines and clear selectivity for cleavage at G1, G6, G7, and G12 in 
Tris/KCl compatible with staking interaction with the last tetrad of guanines (lanes 7-9, 
Figure 5.9) in agreement with studies reported by R. T. Wheelhouse et al. (Figure 5.10).17 
 
Interestingly, H2-MA shows photosensitizing activity toward human telomeric DNA 
presenting a selective cleavage at G1, G6, G7, and G12 in Tris/KCl as well as H2-TMPyP. The 
binding site of these two molecules on the tested quadruplex DNA is the same.  
 
In summary, we have shown that TRISQ does not show high photo-oxidative activity 
toward human telomeric DNA in comparison with H2-TMPyP and H2-MA since the 
porphyrins are photoactive at 1 µM concentration with 5 min of light exposure and TRISQ is 
photoactive at 100 µM concentration with 60 min of irradiation.  Under light irradiation (λ > 
300 nm) the three compounds mediate DNA degradation through guanine oxidation.  
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Figure 5.9 Polyacrylamide gel electrophoresis analysis of single-stranded 5’-[32P]-
labeled 39-mer DA 5’-CATGGTGGTT (GGGTTA)4 CCAC-3’ sequence. TRISQ (100 µM) 
was preincubated with DA (1 µM) during 30 min at 0 °C in 10 mM Tris-HCl buffer pH = 
8.0 (lanes 19-21), with KCl 200 mM (lanes 22-24) and exposed to light with a glass filter (0, 
30 and 60 min). H2-TMPyP4 and H2-MA (1 µM) were preincubated with labeled DA (1 µM) 
during 30 min at 0 °C in 10 mM Tris-HCl buffer pH = 8.0 (lanes 3-6 for H2-TMPyP4 and 
lanes 11-14 for H2-MA), with 10 mM Tris-HCl buffer pH = 8.0  KCl 200 mM (lanes 7-10 for 
H2-TMPyP4 and lanes 15-18 for H2-MA) and exposed to light  with a glass filter (0, 5, 10, 
and 20 min).  
        1  2     3               7             11             15             19         22     24 
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Figure 5.10 TMPyP4-induced photocleavage of single-stranded DA bearing a 5‘-
d(TTAGGG)4-3‘ sequence. (A) Gel showing nonspecific cleavage at purines in the absence of 
potassium (lanes 1−4) and selective cleavage at G1, G6, G7, and G12 under conditions that 
favor quadruplex formation (lanes 5−8). (B) An example of folding topology for the 
quadruplex showing that the four most cleaved sites (*) are all on the same tetrad and the site 
at which the porphyrin was stacked (Figure from ref 18). 
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COCLUSIO 
 
 The starting point of this work lies in the exceptional interaction that has been shown 
to take place between manganese(III) long arm porphyrin (LA) and quadruplex DNA 
published by the team in 2007. This metallo-porphyrin, with long and flexible cationic 
substituents, was able to discriminate between quadruplex and duplex DNA by four orders of 
magnitude.  
 
 The present work focuses on the study of the role of the central metal and the role of 
the bulky cationic groups on the porphyrin macrocycle in the design of telomere interacting 
drugs. To this purpose, three types of porphyrins were prepared, (i) meso-tetrakis(4--
methylpyridiniumyl)porphyrin (TMPyP4) (ii) long arm porphyrin (LA) and (iii) middle arm 
porphyrin (MA), by metallation with nickel(II), manganese(III), cobalt(III) and gold(III). 
Why these metals? This choice allowed us to study the influence (1) of an additional charge at 
the center of the porphyrin, (2) of axial ligands and (3) the combination of both, in the 
quadruplex DNA binding process. In that way, we were able to compare tetra-cationic versus 
penta-cationic porphyrins, as well as porphyrins devoid or provided of axial ligands.    
 
In the case of the relatively small TMPyP4 porphyrins, we first showed by FRET 
measurements, that the presence of a positive charge at the centre of the aromatic core does 
not contribute to improve binding process. Indeed, Mn-TMPyP4 and Au-TMPyP4 did not 
show better stabilizing properties with respect to the corresponding porphyrins devoid of this 
additional charge. These results were disappointing considering our initial hypothesis: a 
positive charge in the center of the porphyrin was expected to interact with the ion channel of 
the G-quadruplex, acting as a supplementary potassium ion, hence leading to an increase of 
the G-quadruplex stability.  
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The investigation also revealed that axial water molecules, although lowering the 
affinity, increased G-quadruplex selectivity. It is notable that the two axial ligands prevent the 
porphyrin to undergo π-π stacking interaction between the base pairs of the double-stranded 
DNA, but do not impede minor groove interactions of At-rich DNA, partly justifying the G-
quadruplex specificity. These results evidenced that axial ligands in the center of the metal do 
not hamper the binding of the complex with the quadruplex structure. Although existing 
studies have reported the impact of axially liganded porphyrins on duplex DNA, up to now no 
investigation on quadruplex-(axial ligand complex) interaction is available. Further studies 
will be necessary to understand this mechanism. 
 
In agreement with previous reports, new binding studies confirmed that manganese(III) 
long arm porphyrin is an exceptional G-quadruplex ligand. According to competitive FRET-
melting measurements on long arm series, the bulky and flexible cationic substituents 
conferred to the porphyrin high quadruplex selectivity. Indeed, no molecule from this series 
was displaced from F21T quadruplex in the presence of the DNA competitor. Our results 
suggest that these large and positively charged substituents play an important role in the 
interaction with G-quadruplex DNA. What kind of interaction? We can hypothesize that 
strong interaction may exists between (1) the G-quartet and the porphyrin core and (2) 
between the grooves and/or loops and the flexible cationic arms. The loss or the fitting of one 
water axial ligand within the central ion channel could explain the stacking interaction with 
the last tetrad of quadruplex DNA. 
H2-LA, Ni-LA and Mn-LA were tested as telomerase inhibitors by TRAP and TRAP-
G4 assays. Although the three compounds caused inhibition of telomerase activity, the high 
IC50 values observed for H2-LA and Ni-LA in TRAP-G4 compared to TRAP assays imply 
non specific interactions of these compounds with G-quadruplex. We propose to explain these 
results in terms of aggregation properties. Nickel and the non metallated porphyrins, devoid 
of axial ligands, are prone to form aggregates. On the contrary, Mn-LA appears to be 
comparable to BRACO19 and RHSPA G4-ligands, showing IC50 = 0.20 µM, which correlates 
with its quadruplex-ligand properties showed in vitro.  
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Treatment of human fibrosarcoma cells (HT1080) with Mn-LA resulted in a moderate 
short-term cytotoxicity compatible with a biological activity related to telomeres targeting. 
However, the exposure of HT1080 cells to nonacute cytotoxic concentration of Mn-LA only 
resulted in a reduction of cell growth after 80 days of treatment. Cell penetration experiments 
showed that H2-LA was able to accumulate in the cell nuclei, indicating that the large 
substituents present on the porphyrin do not preclude cell penetration. The cellular tests of 
Mn-LA with cancer cells are in favour of an interaction with the G-quadruplex DNA at 
telomeres. Of course, these preliminary data needs further studies to establish the real 
potential of this molecule. 
 
Middle arm porphyrin was designed with the aim to study the role of the bulky 
cationic groups, simplifying the porphyrin skeleton. Long and flexible cationic substituents 
were replaced by phenylpyridiniumyl rigid groups. The interaction of these porphyrins with 
the intramolecular G-quadruplex DNA was evaluated by the use of several spectroscopic 
techniques.  
Four molecules (H2-MA, Ni-MA, Mn-MA and Co-MA) presented properties both in 
terms of affinity for quadruplex DNA and of selectivity for quadruplex over duplex. All of 
them showed F21T-∆T1/2 values greater than 17°C at 1 µM porphyrin concentration and 
quadruplex affinity binding constants in the range of 106-107 M-1. Comparing the affinity 
toward DNA, we found 1-2 orders of magnitude in the discrimination between quadruplex 
and duplex DNA for the four porphyrins. According to our results, we can affirm that 
phenylpyridiniumyl rigid substituents play an important role in the interaction with G-
quadruplex DNA and may diminish the effect of the metal.  
Surprisingly, these molecules also showed a high binding affinity for the minor groove 
of AT-rich DNA sequence. Evaluation of Ni-MA capacity to bind in the minor groove by 
binding competition experiments with Mn-TMPyP4,  showed its competitive occupancy for 
the minor groove with a six consecutive AT base pairs sequence.  
 CONCLUSION  
 - 184 - 
 
On the other hand, we observed that Mn-LA and Mn-MA activated by KHSO5 were 
unable to mediate efficient DNA damage at a six AT site. This result was not surprising in the 
case of the Mn-LA as it had been reported to be a poor double-stranded DNA ligand. 
However, Mn-MA was not expected to be a sluggish reagent since Ni-MA was shown to be a 
strong ligand for the minor groove of long AT sequences. How can we explain the low 
reactivity of Mn-MA? It might be justified by an unsuitable positioning of the MnV-oxo entity 
with respect to CH bonds of deoxyriboses without necessarily excluding a tight binding of the 
porphyrin in the minor groove of the long AT sequence.   
Having an overlook on the middle arm family, we consider that it proved to be 
interesting for G-quadruplex targeting but did not reach the high affinity and excellent 
selectivity for G-quadruplex DNA of manganese long arm porphyrin. 
 
Besides, we were interested in evaluating a new G-quadruplex ligand. Quinacridine-
derivates have been shown to be powerful quadruplex interactive compounds. TRISQ showed 
be able to stabilize quadruplex DNA and mediate DNA photocleavage (thesis of Hélène 
Bertrand). Using its photochemical properties, we studied its capacity to oxidize G-
quadruplex guanines. The results suggest that (1) TRISQ is able to oxidize human telomeric 
sequence under light irradiation and (2) the cleavage sites are compatible with an external 
stacking interaction. It is important to emphasize that TRISQ, even if it was able to oxidize 
quadruplex DNA, showed a weak activity under the used experimental conditions, since the 
minimal concentration needed to detect DNA cleavage was 100 µM.
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1 Surface Plasmon Resonance (SPR) 
1.1 Principle 
 
Binding events between two molecules are monitored in real time, without the use of 
any label using an optical phenomenon called Surface Plasmon Resonance. Biomolecular 
binding events cause changes in the refractive index close to the surface layer of a chip, which 
are detected as changes in the SPR signal. During a binding analysis SPR changes occur as a 
solution is passed over the surface of a sensorchip. To perform an analysis, the biotinylated 
ligand is immobilized over a streptavidine coated carboxymethylated dextran matrix of a 
sensorchip.  
The sensor surface forms one wall of a flow cell. Sample containing the analyte is injected 
over this surface in a precisely controlled flow. The progress of an interaction is monitored as 
a sensorgram that expresses Resonance Units (RU) as a function of time. The analyte binds to 
the surface-attached ligand during sample injection, resulting in an increase in signal. At the 
end of the injection, the sample is replaced by a continuous flow of buffer and the decrease in 
signal reflects dissociation of the analyte from the surface-bound complex. 
 
Binding analyses were performed with multiple injections of different compound 
concentration over the immobilized DNA surface at 25 °C. All samples were diluted in HBS-
EP/KCl buffer (Hepes 10 mM pH = 7.4 , NaCl 150 mM, EDTA 3 mM, surfactant P20  
0.005% and KCl 200mM, from  GE Healthcare) and were injected over the sensor surface for 
5 min at a flow rate of 30µL/min. All diluted samples were injected at the same time over the 
four channels.  
 
Control sensorgrams were subtracted from sensorgrams obtained with immobilized 
DNA to yield true binding responses.  Kinetics constants were calculated using Biacore T100 
Evaluation Software and apparent association constants (Ka) were calculated as the ratio of 
kon/koff. For each molecule, we calculated kon, koff and Ka constants using 1-site 
(Langmuir), 1-site (Two states reaction) and 2-site (Heterogenous ligand) model. 
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1.2 Materials and methods 
 
All binding studies based on SPR phenomenon were performed on a four-channel BIACORE 
T100 optical biosensor instrument (GE Healthcare). All experiments were performed on 
sensorchips SA (sensorchips with streptavidin covalently immobilized on a 
carboxymethylated dextran matrix) obtained from GE Healthcare. 
 
Immobilization of biotinylated DA probes 
 
Three 5’-biotin-labeled oligonucleotide sequences (Eurogentec, Belgium) were grafted on the 
surface of a streptavidine sensor chip, a duplex 48-mer [ds48] 5’-biot-
GGCATAGTGCGTGGGCGTTAGCTTTTGCTAACGCCCACGCACTATGCC-3’ sequence 
and two quadruplex, modified quadruplex [TTG4A], 5’-biot 
TTGGGTTAGGGTTAGGGTTAGGGA-3’ sequence and the human telomeric quadruplex 
DNA [G4], corresponding to the 5'-AGGGTTAGGGTTAGGGTTAGGG sequence. This 
immobilization step resulted in coupling 300 RU of DNA probes on three channels (one channel 
par oligonucleotide) with another channel left empty to be used as a reference surface. All 
immobilization steps were performed with DNA solutions at a final DNA concentration of 10 
nM and at a flow rate of 2 µL/min. Injections were stopped when sufficient RU levels were 
obtained. 
 
 
 
1.3 Scatchard Analysis 
 
Scatchard graphs were plotted for each molecule and each DNA target in order to get a 
second experimental calculation of binding constants from data obtained in the sensorgrams 
using the equation: 
 
Req/C = Ka (Rmax – Req) 
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Req is the response at equilibrium in Resonance Units (RU), C is the concentration of analyte 
in solution (nM), Rmax is the theoretical maximum response (proportional to the amount of 
immobilized ligand). The response at equilibrium (Req) was extracted from the sensorgram 
when the response reaches a plateau. As Rmax remains constant, a plot of Req/C versus Req 
has a slope of -Ka in the case of 1-site model of interaction or two slopes with –Ka1 and –Ka2 
when the interaction is 2-sites model. 
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2 Fluorescence Resonance Electron Transfer (FRET) 
2.1  Principle 
 
Fluorescence resonance energy transfer (FRET) is a distance-dependent interaction 
between the electronic excited states of two dye molecules in which excitation is transferred 
from a donor molecule to an acceptor molecule. The efficiency of FRET is dependent on the 
intermolecular separation between the two dye molecules, making it useful over distances 
comparable to the dimensions of biological macromolecules. FRET interactions usually occur 
when the two molecules are brought it very close folding (a few Å). However, when the two 
dye molecules are far enough, should have not energy transfer. Förster distance (Ro) is the 
distance at which the energy transfer efficiency is 50%. In the case of fluorescein and Tamra, 
the critical Förster distance is  3.5-5.2 nm.1 
 
Thus, FRET is an important technique for investigating a variety of biological 
phenomena that produce changes in molecular proximity.  
Besides, FRET approach offers several advantages to identify G-quadruplex stabilizers: (i) the 
technique is extremely sensitive; (ii) the dynamic response of most spectrofluorimeters is 
linear over a wide concentration range; (iii) stabilization may be estimated in the presence of a 
large excess of competitors; and (iv) the assay itself can be converted into a high throughput 
screening test.2 
 
 
2.1 Materials and methods 
 
Labelled oligonucleotides are purchased from Eurogentec (Belgium). FRET assay is 
performed in a 96-well plates, with F21T (FAM-5’-GGG(TTAGGG)3-3’-TAMRA). FAM: 6-
carboxyfluorescein, λex 490 nm, λem 520 nm and TAMRA: 6-carboxy-tetramethylrhodamine, 
λex 515 nm, λem 588 nm. Fluorescence melting curves were determined with ABIP 7000 real-
time PCR machine, using a total reaction volume of 25 µL, with 0.2 µM of F21T in a buffer 
containing 10 mM lithium cacodylate pH = 7.2, KCl 5mM and LiCl 95 mM.  
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After a first equilibration step at 23 °C during 8 minutes, a stepwise increase of 1°C every 
minute for 71 cycles to reach 95 °C was performed and measurements were made after each 
cycle. Final emission of the data was carried out using Excel software. Emission of FAM was 
normalized and T1/2 was defined as the temperature for which the normalized emission is 0.5. 
∆T1/2 values are mean of 3 to 5 experiments 
 
 
Competitive FRET 
 
 
 Thermal denaturation of F21T was performed in the presence of the various 
competitors to test the binding selectivity of the compound to the quadruplex structure. (A) 
double-stranded DNA (self-complementary oligonucleotide duplex26: 5’- CAA TCG GAT 
CGA ATT CGA TCC GAT TG - 3’sequence), (B) double-stranded AT rich DNA, 
duplex19AT (5’-ACG TCG ATT ATA GAC GAG C/5’-GCA CGT CTA TAA TCG ACG T- 
3’ sequence) (C) single-stranded, ss27 (5’- GGC TAT CGG TAT GCG TAT GGC TAT CGG 
- 3’sequence).  
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3 Circular Dichroism (CD) 
3.1 Principle 
 
Circular dichroism (CD) spectroscopy measures differences in the absorption of left-
handed polarized light versus right-handed polarized light which arise due to structural 
asymmetry. The absence of regular structure results in zero CD intensity, while an ordered 
structure results in a spectrum which can contain both positive and negative signals. 
 
 
 
Figure 3.1 The interaction of chiral molecules and light shows different absorption for 
both enantiomers depending on the circular polarization of light. The absorption of right 
circularly polarized light AR and left circularly polarized light AL for optically active 
compounds is of different intensity. The difference ∆A = AL-AR   is unequal to zero for all 
chiral molecules. This effect is known as circular dichroism. 
 
3.2 Materials and methods 
 
CD spectra were recorded on a JASCO-810 spectropolarimeter using 1 cm path length 
quartz cuvette in a reaction volume of 1.2 mL. Scans were performed at 20 °C over a 
wavelength range of 220-400 nm with a scanning speed of 50 nm/min, a response time of 2 s, 
0.2 nm pith and 2 nm bandwidth. A blank sample containing only buffer was subtracted from 
the collected data. Final analysis of the data was carried out using Excel software. 
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4 UV-Vis Spectroscopy 
4.1 Principle 
 
Many molecules absorb ultraviolet (UV) or visible light (Vis). Absorbance, A, is 
directly proportional to the path length, b, and the concentration, c, of the absorbing species.  
Beer's Law states that  
A = log (I/I0) = ε b C, 
where I0 is the intensity of the incident light at a given wavelength, I is the transmitted 
intensity and ε  is a constant of proportionality, called the molar extinction coefficient. 
Different molecules absorb radiation of different wavelengths. An absorption spectrum will 
show a number of absorption bands corresponding to structural groups within the molecule. 
4.2 Materials and methods 
 
UV-Vis spectroscopic titrations were recorded on Hewlett-Packard 8452A 
spectrophotometer at 25 °C using 1 cm path length quartz cuvette. Absorption spectra were 
collected from 220 nm to 580 nm. Co-MA-TTG4A titration: Stock solutions of 0.18 µM 
porphyrin and 7.75 µM of modified G-quadruplex DNA were prepared in 20 mM phosphate 
buffer pH 7.0 and 5 mM KCl. First, 1 mL of dilute porphyrin (0.18 µM) was placed in a 1 cm 
path length quartz cuvette, and 16 increments of 1 µL at 7.75 µM of Q-quadruplex solution 
were added manually. The titrations were carried out until the porphyrin Soret band remains 
at a fixed wavelength upon three successive additions of G-quadruplex DNA. 
 
 
Job Plot analysis of CoMA-TTG4A 
 
Two series of solutions were prepared, Co-MA and TT(GGGTTA)3GGGA. In the 
sample solutions, the sum of the concentrations of Co-MA and TT(GGGTTA)3GGGA was 
constant (0.5 µM) and the mole fraction of Co-MA varied from 0 to 100%.  
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The solutions were prepared in 20 mM phosphate pH 7.0 and 5 mM KCl buffer. Then 
between 0 and 100 µL (with an increment of 5 µL) of 2.5 µM Co-MA stock solution was 
added. The final volumes were adjusted to 500 µL with 2.5 µM DNA stock solution. The 
blank solutions were prepared similarly, the Co-MA concentration was the same as in the 
corresponding sample solution but the final volumes were adjusted to 500 µL with distilled 
water rather than with DNA stock solution. The spectrophotometric measurements were 
carried out in 1.0 cm cell at 440 nm (λmax of the bound porphyrin). 
 MATERIAL AND METHODS 
 - 196 - 
 
5 Electrophoretic Analysis 
5.1 Principle 
 
Electrophoretic methods are generally used to detect DNA fragments produced by 
photocleavage. Nucleic acid photocleavage analyse involves the use of end-labeled targets. In 
these cases, the nucleic acid is enzymatically labeled at one terminus of one strand with a 
radioactive. Nucleic acid cleavage produces shorter strands that will migrate faster than the 
uncleaved target in polyacrylamide gel electrophoresis (PAGE). By running the sequencing 
ladders in adjacent lanes on the gel, the nucleotide at which the cleavage event took place can 
be identified. 3  
 
5.2 Materials and methods 
 
Oxidative Cleavage of Double-Stranded 19-mer by Mn-TMPyP/KHSO5 
 
The cleavage reactions on double-stranded DNA were performed on a 19-mer duplex 
which was 5′-32P-end labeled on one strand (105 cpm). Annealing of the two 19-mer single-
strands was achieved in 40 mM phosphate buffer pH 7 and 100 mM NaCl by heating at 90 °C 
for 5 min followed by slow cooling to room temperature. A typical experiment was performed 
at a duplex final concentration of 1 µM, in 40 mM phosphate buffer pH 7.0 and 100 mM 
NaCl. Double-stranded DNA was incubated with Mn-TMPyP (final concentration of 0.5 or 2 
µM) in the absence or in the presence of competitor porphyrin during 1 h for the system to 
come to equilibrium. Cleavage reactions were initiated by the addition of a freshly prepared 
solution of KHSO5 at a final concentration of 250 µM or 1 mM. Total reaction volume was 10 
µL. After 1 or 10 min at 4 °C, the oxidation reactions were stopped by the addition of -(2-
hydroxyethyl)piperazine-′-ethanesulfonic acid (Hepes) buffer (100 mM, final concentration). 
DNA was precipitated by successive additions of 1 µL of 3.5 M sodium acetate buffer pH 5.2, 
1 µL of 1 M NaCl, 1 µL of yeast tRNA (10 mg/mL), and 100 µL of cold ethanol. After 
centrifugation (15 min, 4 °C, 12 × 103 rpm), the DNA pellet was washed with cold ethanol 
and dried under a vacuum.  
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The dried DNA pellet was either solubilized in deionized formamide with marker dyes for 
direct electrophoresis analysis or dissolved in 100 µL of 1 M piperidine, and incubated at 90 
°C for 30 min. After piperidine treatment, several steps of lyophilization were performed 
before dilution of the dry DNA pellet in deionized formamide with marker dyes. 
 
Oxidative Cleavage of the human Telomeric Sequence by H2-TMPyP4, H2-MA and TRISQ 
 
Telomeric sequence cleavage reactions were performed with 5′-32P-end labeled 
oligonucleotide target (105 cpm) in Tris/HCl buffer pH 8.0 (10 mM), in the presence of KCl 
(200 mM) (Tris/KCl buffer) or NaCl (200 mM) (Tris/NaCl buffer).The  DNA solutions were 
boiled at 90 °C for 5 min followed by slow cooling to room temperature. Then, telomeric 
DNA was incubated with TRISQ, H2-TMPyP and H2-MA during 30 minutes at 0 °C. Total 
volume was 10 µL. The samples were exposed to a 180 W mercury lamp (from Orion) with 
an optic fibber and under a glass filter (cut-off filter: λ > 300 nm) for 30 min and 60 min. 
Distance from sample: 10 cm. DNA was precipitated by successive additions of 1 µL of 3.5 
M sodium acetate buffer pH 5.2, 1 µL of 1 M NaCl, 1 µL of yeast tRNA (10 mg/mL), and 100 
µL of cold ethanol. After centrifugation (15 min, 4 °C, 12 × 103 rpm), the DNA pellet was 
washed with cold ethanol and dried under a vacuum. The dried DNA pellet was either 
solubilized in deionized formamide with marker dyes for direct electrophoresis analysis or 
dissolved in 100 µL of 1 M piperidine, and incubated at 90 °C for 30 min. After piperidine 
treatment, several steps of lyophilization were performed before dilution of the dry DNA 
pellet in deionized formamide with marker dyes. 
 
Polyacrylamide Gel Electrophoresis Analysis 
 
After piperidine treatment, the dry DNA pellet was diluted in formamide with marker 
dyes. The DNA samples were heated 2 min at 90 °C, chilled in ice, and loaded on a 20% 
denaturing polyacrylamide gel (7 M urea). Migration lasted 3 h at 2000 V in 
tris(hydroxymethyl)aminomethane-borate 9 mM pH 8.0 buffer, 0.03 mM EDTA. The DNA 
fragments were visualized and quantified by phosphorimagery (Biorad PMI). 
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6 Synthesis of porphyrins 
 
Experimental part 
 
The following compounds were commercially available: NaOH (small beads) and tin(II) 
chloride dehydrate and cobalt(II) chloride hexahydrate (Fluka), nickel(II) chloride 
hexahydrate, nickel(II) acetate tetrahydrate, potassium tetrachloroaurate(III), methyl tosylate, 
2,4,6-collidine, manganese(II) acetate tetrahydrate, p-Nitrobenzaldehyde, pyridine-4-
carboxaldehyde and potassium hexafluorophosphate (Aldrich), pyrrole, pyridine-4-
carboxaldehyde, methyl iodide and DOWEX 1x8-200 resin (chloride form) (Acros). 1H NMR 
spectra were recorded on Bruker Avance-300, and ARX-250 spectrometer with the residual 
solvent peak as internal calibration. Mass spectra were recorded either on a PerkinElmer 
SCIEX API 365 or Applied Biosystems Q TRAP.  UV−visible spectra were recorded on a 
Hewlett-Packard 8452A spectrophotometer. Mass analyses were performed by the Mass 
Spectrometry Laboratory of ICSN-CNRS, Gif-sur-Yvette, France. Porphyrins were prepared 
according to literature procedures with some modifications.4,5 
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6.1 Synthesis of TMPyP4 family  
 Meso-5,10,15,20-tetrakis(4-pyridyl)porphyrin (H2-TPyP4) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Pyrrole (3.36 g, 50 mmol) was dissolved in propionic acid (50 mL) and added to a solution of 
pyridine-4-carboxaldehyde (5.36 g, 25 mmol) in propionic acid (50 mL). Then the reaction 
mixture was refluxed at 140 °C for 1 h 30 in the dark.  
The solvent was removed under reduced pressure. The residue was dissolved in DMF (150 
mL) and refluxed for 30 min (150 °C). After cooling to room temperature, the solution was 
kept at -20 °C overnight during which the porphyrin precipitated. The precipitate was filtered 
off (fritted glass, porosity 4) and the solid residue was washed with diethyl oxide. The solid 
was dried under vacuum. Yield: 1.13 g (1.8 mmol, 4%) purple solid. 1H MR (300 MHz, 
CD3COOD), δ 9.33 (d, J = 6 Hz, 8H, pyridine), 9.08 (s, 8H, pyrrole), 8.66 (d, J = 6 Hz, 8H, 
pyridine). 
C40H26N8 
MW : 618,2 
HN
NNH
N
N
N
N
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Meso-5,10,15,20-tetrakis(4--methylpyridinumyl)porphyrin tetratosylate (H2-TMPyP4)  
 
 
 
 
 
 
 
 
 
 
 
 
 
Meso-5,10,15,20-tetrakis(4-pyridyl)porphyrin (607 mg, 0.98 mmol) and methyl tosylate (25 g, 
145 mmol) were mixed in DMF (100 mL) and refluxed during 16 h under stirring. The 
volume of DMF was reduced to 5 mL by evaporation. The porphyrin was precipitated by the 
addition of acetone (100 mL). The precipitate was filtered off (fritted glass, porosity 4) and 
dissolved in water (100 mL), extracted by CH2Cl2 (3x200 mL). The aqueous phase was 
reduced to 5 mL. The porphyrin was precipitated by the addition of acetone (100 mL). The 
precipitate was filtered off and dried under vacuum. Yield: 724 mg (0.53 mmol, 54%) purple 
solid. 1H MR (300 MHz, d6-DMSO), δ 9.48 (d, J = 7 Hz, 8H, pyridine), 9.18 (s, 8H, 
pyrrole), 8.98 (d, J = 7 Hz, 8H, pyridine), 7.46 (d, J = 8 Hz, 8H, Ho tosylate), 7.08 (d, J = 8 
Hz, 8H, Hm tosylate), 4.73 (s, 12H, CH3), 2.26 (s, 12H, CH3-tosylate), -3.1 (s, 2H, NH 
pyrrole). 
 
Meso-5,10,15,20-tetrakis(4--methylpyridinumyl)porphyrin tetrachloride (H2-TMPyP4)  
 
The tetratosylate H2-TMPyP4 porphyrin (724 mg, 0.53 mmol) was diluted in the minimum 
amount of methanol (3 mL). Tosylate anions were exchanged by chloride on anion exchange 
resin (DOWEX 1x8-200) (6.2 g of resin) for 15 h at ambient temperature with slow stirring. 
The solution was filtered and the resin was washed with methanol (10 mL).  
C80H66N8O12S4 
MW : 1363,6 
 
S
O
O
OHN
NNH
N
N
N
N
N
4
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The volume of methanol was reduced to 1-2 mL and the porphyrin was precipitated by the 
addition of Et2O. The precipitate was filtered, washed with Et2O and dried under vacuum. 
Yield: 326 mg (0.4 mmol, 75%). 1H MR (300 MHz, d6-DMSO), δ  9.42 (d, J = 7 Hz, 8H, 
pyridine), 9.20 (broad s, 8H, pyrrole), 8.99 (d, J = 7 Hz, 8H, pyridine), 4.73 (s, 12H, CH3), -
3.1 (s, 2H, NH pyrrole); UV-Vis (H2O), λ max nm (ε M
-1 cm-1) 422 (200x103), 518 (14x103), 
556 (5.4x103), 584 (6x103) 644 (1.1x103).  
 
                                              
 
 
 
 
 
 
 
 
 
 
 
HN
NNH
N
N
N
N
N
4 Cl
C44H38N8Cl4 
MW : 820,8 
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Meso-5,10,15,20-tetrakis(4--methyl-pyridiniumyl)porphyrinatomanganese(III) 
pentachloride (Mn-TMPyP4) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
H2-TMPyP4 tetratosylate (150 mg, 0.11 mmol) was refluxed in water (20 mL) with 
manganese(II) acetate tetrahydrate (35 mg, 1.3 equiv) during 2 h at 100 °C. The reaction was 
monitored by UV-visible spectroscopy and was stopped when the Soret band shift was 
complete (from 422 to 462 nm, H2O). At the end of the metallation, water was evaporated. 
The porphyrin was then diluted in the minimum amount of methanol. Tosylate anions were 
exchanged by chloride on anion exchange resin (DOWEX 1x8-200) (6.2 g of resin) for 15 h 
at ambient temperature with slow stirring. The solution was filtered and the resin was washed 
with methanol (10 mL). The volume of methanol was reduced to 1-2 mL and the porphyrin 
was precipitated by the addition of Et2O. The precipitate was filtered, washed with Et2O, 
dried and taken in water (4 mL). The manganese salts were allowed to precipitate at 4 °C. The 
aqueous phase was separated, evaporated to dryness. The solid was dried under vacuum. 
Yield: 84 mg (0.09 mmol, 84%) purple metallic solid. UV-Vis (H2O), λ max nm (ε M
-1 cm-1) 
462 (100x103), 399 (40x103), 379 (39x103), 331 (28x103), 560 (12x103). HRES+-MS m/z: 
calculated for [C44H36MnN8]
4+ = 182.8111, found: 182.8102. 
N
NN
N
N
N
N
N
Mn Cl5
C44H36N8MnCl5 
MW : 909,0 
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Meso-5,10,15,20-tetrakis(4--methyl-pyridinium)porphyrinatonickel(II) tetrachloride  
(i-TMPyP4) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
H2-TMPyP4 tetratosylate (82 mg, 0.06 mmol) and nickel(II) acetate tetrahydrate (106 mg, 7 
equiv) were heated in DMF/H2O (1:1) (4 mL) and 2,4,6-collidine (1 mL) at 100 °C in the 
dark for 6 h.  
 
 
The reaction was monitored by UV-visible spectroscopy and was stopped when the Soret 
band shift was complete (from 445 to 422 nm, H2O, acidic pH). After cooling to RT, the 
product was precipitated by the addition of 2-propanol (15 mL) and of Et2O (50 mL) at 4°C 
during 1 h. The solution was centrifuged, the solid was taken in H2O (1 mL) and excess of 
nickel salt was allowed to precipitated at 4 °C. The aqueous phase was collected and 
evaporated. The red solid was taken in a mixture CH3OH/H2O (20:80) and acetate anions 
were exchanged by chlorides on anion exchange resin (DOWEX 1x8-200) (3 g of resin) by 
slow stirring at ambient temperature for 48 h. The solution was filtered and the resin was 
washed with methanol (10 mL). The solvent was evaporated to dryness. The product was 
taken in the minimum amount of DMF/H2O then 2-propanol (12 mL) and Et2O (50 mL) were 
added and the product precipitated. The solution was centrifuged and the solid was dried 
under vacuum. Yield: 35.6 mg (0.04 mmol, 67%) red metallic solid. UV-Vis (H2O), λ max 
nm (ε M-1 cm-1) 422 (90x103), 440 (87x103), 556 (6x103). HRES+-MS m/z: calculated for 
[C44H36N8Ni]
4+ = 183.5604, found: 183.5596 
N
NN
N
N
N
N
N
Ni Cl4
C44H36N8NiCl4 
MW : 877.3 
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Meso-5,10,15,20-tetrakis(4--methyl-pyridinium)porphyrinatocobalt(III) tetrachloride 
(Co-TMPyP4)
6
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
H2-TMPyP4 tetrachloride (30 mg, 0.037 mmol), cobalt(II) chloride hexahydrate (17.4 mg, 2 
equiv.) and KOH 20% (equilibration to pH = 8.0) were mixed in 25 mL of H2O during 12 
hours under argon at room temperature. 
 
The reaction was monitored by UV-visible spectroscopy and was stopped when the Soret 
band shift was complete (from 422 to 441 nm, H2O). The pH was adjusted with HCl to 1.5 
and air was bubbled into the solution. The oxidation of Co(II) to Co(III) was monitored by the 
shift of the Soret band from 441 to 433 nm at acidic pH.  
Hexafluorophosphate KPF6 (80 mg, 0.43 mmol) in 1 mL H2O was added in the solution and 
the porphyrin precipitated. The solution was centrifuged and the solid was taken in 1 mL 
DMSO. Hexafluorophosphate anions were exchanged by chlorides on anion exchange resin 
(DOWEX 1x8-200) (1 g of resin) by slow stirring at ambient temperature for 48 h. Total 
exchange by chloride anions was monitored by 31P MR  (no signal at -145 ppm). The 
solution was filtered and the resin was washed with methanol (10 mL). The solvent was 
evaporated to dryness. The product was taken in 2-propanol (12 mL)/ Et2O (50 mL) and the 
porphyrin precipitated. The porphyrin was filtered, dried and taken in water (1 mL).The 
cobalt salts were allowed to precipitate at 4 °C. The aqueous phase was separated, evaporated 
to dryness.  
C44H36N8CoCl5 
MW : 913.0 
N
NN
N
N
N
N
N
Co Cl5
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The solid was dried under vacuum. Yield: 36 mg (0.04 mmol, 100%) black-blue solid. UV-
Vis (H2O) λ max nm (ε  M
-1 cm-1) = 435 (77x103), 554 (9x103). 1H MR (300 MHz, D2O) δ 
(ppm) 9.26 (s, 8H, pyrroles), 9.24 (d, J = 7 Hz, 8H, pyridine), 8.91 (d, J = 7 Hz, 8H, pyridine), 
4.72 (s in the pic of water, CH3). ES
+-MS m/z = 245.1 [M(CoI) - 5Cl] 3+, 257.1 [M (CoII) - 
4Cl]3+, 240.1 [M (CoIII) - 5Cl – CH3]
3+, 268.5 [M (CoIII) - 3Cl 
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Meso-5,10,15,20-tetrakis(4--methyl-pyridinium)porphyrinatogold(III) pentachloride 
(Au-TMPyP4) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
H2-TMPyP4 tetrachloride (60 mg, 0.073 mmol) was refluxed in water (15 mL) with KAuCl4 
(38 mg, 0.1 mmol) during 24 h at 100 °C in the dark. The reaction was monitored by UV-
visible spectroscopy and was stopped when the Soret band shift was complete (from 422 nm 
to 404 nm, H2O). At the end of the metallation, water was evaporated. The solid was taken in 
a mixture of CH3OH /Et2O (3:30) and the product precipitated. The porphyrin was filtered, 
dried and taken in water (4 mL).The gold salts were allowed to precipitate at 4 °C. The 
aqueous phase was separated, evaporated to dryness. The solid was dried under vacuum. 
Yield: 60 mg (0.06 mmol, 80%) red solid. UV-Vis (H2O) λ nm (ε M
-1 cm-1) 404 (200x103), 
521 (14x103), 556 (6x103). 1H MR (300 MHz, CD3OD), δ 9.68 (s, 8H, pyrrole), 9.53 (d, J = 
6 Hz, 8H, pyridine), 9.11 (d, J = 6 Hz, 8H, pyridine), 4.88 (s under the signal of HOD, CH3). 
ES+-MS m /z = 174.7 [M-5Cl]5+ , 227.3 [M-4Cl]4+, 314.5 [M-3Cl]3+, 490.1 [M-2Cl]2+ .  
N
NN
N
N
N
N
N
Au Cl5
C44H36N8AuCl5 
MW : 1051,1 
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6.2 Synthesis of “long arm” family 
 
5,10,15,20-tetrakis(p-nitrophenyl)porphyrin (synthesis of the free-base precursor) 
 
 
 
 
 
 
 
 
 
 
 
 
 
p-Nitrobenzaldehyde (12.27 g, 81.2 mmol, 1 equiv.) was dissolved in propionic acid (250 mL) 
and acetic anhydride (10 mL). After heating 5 min at 140 °C, pyrrole (5.7 mL, 81.2 mmol, 1 
equiv.) was added through the condenser, causing an instantaneous colour change to black. 
Heating was maintained for 1 hour under vigorous stirring in the dark. After cooling to RT 
and standing for 1 day at 4 °C, a dark precipitate (1) was filtered. The black filtrate was 
filtered a second time (fritter glass, porosity 4) in order to recuperate all the precipitate (2). 
The solid (1 and 2) was washed thoroughly with water until the filtrate was colourless and 
dried under vacuum overnight, yielding 18.5 g of crude solid. This solid was taken in pyridine 
(100 mL), heated at reflux for 1 h in the dark, cooled to RT and placed in the freezer 
overnight. The precipitate was filtered off (fritter glass, porosity 3). The black filtrate was 
discarded and the solid was washed with acetone until the filtrate had a pale colour (5 x 60 
mL), which gave a purple sticky solid. This was finally washed with Et2O (50 mL) and 
hexane (50 mL) and dried under vacuum overnight at RT. Yield: 2.92 g (3.7 mmol, 5%) 
purple solid. 1H MR (300 MHz, d-TFA), δ 9.01 (d, J = 9 Hz, 8H, phenyl), 8.96 (s, 8H, 
pyrrole), 8.86 (d, J = 9 Hz, 8H, phenyl,).  
C44H26N8O8 
MW : 794.7 
N
NH N
HN
NO2
NO2
NO2
O2N
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5,10,15,20-tetrakis(p-aminophenyl)porphyrin 
 
 
 
 
 
 
 
 
 
 
 
 
Tin(II) chloride dihydrate (22.2 g, 117 mmol, 3 equiv./NO2, 12 equiv./porph) and  5,10,15,20-
tetra(p-nitrophenyl)porphyrin (7.74 g, 9.74 mmol) were heated in 37% HCl (350 mL) at 65 °C 
for 30 min under stirring to allow the reduction. After cooling to RT, the reaction flask was 
placed in an ice bath and the mixture was slowly basified with 28% ammonium hydroxide 
(caution ! highly exothermic) under vigorous stirring (450 mL added in 40 min).  The final 
pH was higher than 10 and the resulting suspended green solid was collected by filtration 
(fritted glass, porosity 2), washed with water and dried under vacuum.  The porphyrin was 
extracted by hot CHCl3 in a Soxhlet apparatus until the extracted solution was not pink (5 
days). The solvent was evaporated and the solid was purified by precipitation with 
CH2Cl2/hexane (1/10). After separation, dried under vacuum overnight at RT. Yield: 1.71 g 
(2.5 mmol, 26%) purple solid. 1H MR (300 MHz, CDCl3), δ  8.96 (s, 8H, pyrrole), 8.01 (d, 
J = 8 Hz, 8H, phenyl), 7.09 (d, J = 8 Hz, 8H, phenyl), 4.05 (s, 8H, NH2), 2.69 (s, 2H, NH 
pyrrole).   
C44H34N8 
MW: 674.8 
N
NH N
HN
NH2
NH2
NH2
H2N
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Porphyrin 1 (H2-1) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3-Pyridinepropionic acid (0.63 g, 4.15 mmol, 2 equiv./NH2, 8 equiv./porph), 1-
hydroxybenzotriazole (HOBT, 0.56 g, 2 equiv./NH2, 8 equiv./porph) and O-benzotriazol-1-yl-
N,N,N’,N’-tetramethyluronium hexafluorophosphate (HBTU, 1.42 g, 1.8 equiv./NH2, 7.2 
equiv./porph) were dried under vacuum for 2 h in a 250-mL two-necked flask. Under argon, 
dry DMF (30 mL) and diisopropylethylamine (1.6 mL, 4.4 equiv./NH2, 17.6 equiv./porph) 
were added with a syringe. After 15 min stirring under argon, 5,10,15,20-tetrakis(p-
aminophenyl)porphyrin was added (0.35 g, 0.52 mmol) and the mixture was stirred for 2 h,  
under argon and in the dark. The reaction was quenched by the slow addition of water (100 
mL) and the organic compounds were extracted in CH2Cl2. Before evaporation of the solvent, 
there is still DMF. In order to eliminate the excess of DMF, the porphyrin was precipitated by 
addition of 50 mL of Et2O (put in the freezer overnight). Elimination of the solvent and the 
solid was dried under vacuum 24 h. Purification was achieved by filtration on neutral Al2O3 
(L=19.5, D=2.8 cm) with CHCl3/EtOH/NEt3 mixture (from 90:10:0 to 50:50:1).  
N
NH N
HN
NH
NH
HN
HN
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N
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C80H74N12O4I4 
MW : 1775.2 
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Evaporation of the solvent and the porphyrin was dried under vacuum 24 h. Yield: 0.96 g 
(0.54 mmol, 100%) purple solid. 1H MR (300 MHz, d6-DMSO), δ 10.40 (s, 4H, NHCO), 
8.86 (s, 8H, pyrrole), 8.60 (s, 4H, H2), 8.47 (d, J = 5 Hz, 4H, H6,), 8,04 (d, J = 9 Hz, 8 H, 
phenyl), 8,14 (d, J = 9 Hz, 8 H, phenyl), 7.80 (d, J = 8 Hz, 4H, H4), 7.40 (dd, J = 8 Hz, 5 Hz, 
4H, H5,), 3.08 (t, J = 7 Hz, 8H, CH2), 2.97 (t, J = 7 Hz, 8H, CH2), -2.90 (s, 2H, NH pyrrole).   
  
                                                                                                         C76H62N12O4 
                                            MW: 1207.4 
 
 
 
 
 
 
 
 
 
 
 
Quaternarization of the pyridyl nitrogens 
 
Non methylated “long arm” porphyrin (0.05 g, 0.041 mmol) was dissolved in CHCl3/MeOH 
(1:1, 10 mL). Methyl iodide (0.5 mL, 50 equiv./pyridine, 200 equiv./porph) was added and 
the mixture was heated at 50 °C in the dark for 24 h. After evaporation, the solid was dried 
under vacuum. Yield:  0.06 g (0.043 mmol, 95%) brown-yellow solid. 1H MR (300 MHz, 
d
6-DMSO), δ 10.48 (s, 4H, NHCO), 9.10 (s, 4H, H2), 8.90 (d, J = 6 Hz, 4H, H6,), 8.85 (s, 8H, 
pyrrole), 8.62 (d, J = 8 H, 4H, H4), 8.17 (m, 4H, H5), 8,14 (d, 8 H, phenyl),
 8,03 (d, J = 8 Hz, 
8 H, phenyl), 3.20 (t, J = 7 Hz, 8H, CH2), 3.00 (t, J = 7 Hz, 8H, CH2), 4.30 (s, 12H, CH3), -
2.90 (s, 2H, NH pyrrole).   
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Anion exchange 
 
The porphyrin was diluted in a minimum volume of methanol.  Iodide anions were exchanged 
by chloride over anion exchange resin (DOWEX 1x8-200) during one night at ambient 
temperature with slow stirring. The solution was filtrated and the resin was washed with 10 
ml of methanol. The methanol was evaporated and the porphyrin was dried under vacuum 
overnight at room temperature. UV-Vis (H2O), λ max nm (ε  M
-1 cm-1) 418 (313x103 ), 523 
(11x103 ), 562 (10x103 ), 650 (8x103); 1H MR (300 MHz, d6-DMSO), δ  10.48 (s, 4H, 
NHCO), 9.10 (s, 4H, H2), 8.90 (d, J = 6 Hz, 4H, H6), 8.85 (s, 8H, pyrrole), 8.62 (d,
 
J = 8 Hz, 
4H, H4), 8.17 (m, 4H, H5), 8.14 (d, J = 8 Hz, 8 H, phenyl),
 8.03 (d, J = 8 Hz, 8 H, phenyl), 
3.20 (t, J = 7 Hz, 8H, CH2), 3.00 (t, J = 7 Hz, 8H, CH2), 4.30 (s, 12H, CH3), -2.90 (s, 2H, NH 
pyrrole); ES+-MS m/z = 316.9 [M–4Cl]4+. 
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Porphyrin 2  
 
 
 
 
 
 
 
 
 
 
 
 
 
A mixture of the non-metalated porphyrin H2-1 (50 mg, 0.028 mmol) nickel(II) acetate 
tetrahydrate (21 mg, 0.085 mmol), and 2,4,6-collidine (0.2 mL) was heated in DMF (1.5 mL) 
at 110 °C in the dark for 24 h. The reaction was monitored by UV−visible spectroscopy and 
was stopped when the Soret band shift was complete (from 447 to 414 nm, H2O, acidic pH). 
The porphyrin was precipitated by addition of Et2O (25 mL). The solution was centrifuged. 
The solid was dissolved in MeOH/H2O (4 mL, 1:1) and gently stirred with DOWEX 1x8-200 
resin (chloride form) for 72 h. The resin was filtered and washed with MeOH, and the filtrate 
was evaporated and dried under a vacuum. Yield: 66 mg (0.017 mmol, 60%) red glossy solid. 
1H MR (250 MHz, d6-DMSO), δ 10.86 (s, 4H, NH), 9.17 (s, 4H, pyridine), 8.90 (d, J = 5 
Hz, 4H, H6), 8.73 (s, 8H, pyrrole), 8.61 (d, J = 8 Hz, 4H, H4), 8.12 (m, 4H, H5), 8.02 (d, J = 8 
Hz, 8H, phenyl), 7.91 (d, J = 8 Hz, 8H, phenyl), 4.39 (s, 12H, CH3−N), 3.2−3.5 (CH2, 
superimposed with water peak), 3.01 (m, 8H, CH2). UV−Vis (H2O), λ max nm (ε M
−1 cm−1) 
414 (110×103), 529 (9×103). HRES+-MS m/z: calculated for [C80H72N12NiO4]
4+ = 330.6288, 
found: 330.6273. 
C80H72N12O4Cl4Ni 
MW : 1466.1 
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Porphyrin 3  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A mixture of the non metallated porphyrin H2-1 (100 mg, 0.056 mmol) in DMF (5mL) and 
2,4,6-collidine (0.5 mL) was heated at 110 °C in the dark. A first bath of manganese(II) 
acetate tetrahydrate was added as a solution in 0.5 mL H2O (78 mg, 0.32 mmol) and the 
mixture was heated at 110 °C in the dark for 1 h. A second bath of manganese(II) acetate 
tetrahydrate was added as a solution in 0.5 mL H2O (78 mg, 0.32 mmol).  Then, a third bath 
of manganese(II) acetate tetrahydrate was added (156 mg, 0.64 mmol) as well as some more 
collidine (1 mL) and heating was maintained overnight. The reaction was monitored by 
UV−visible spectroscopy and was stopped when the Soret band shift was complete (from 414 
to 469 nm, H2O).After evaporation of the water, the porphyrin was precipitated by addition of 
Et2O (15V) at 4 °C over the weekend in order to eliminate the excess of DMF. The precipitate 
was filtered on a fritted glass (porosity 4) the pale yellow filtrate was discarded. The 
precipitate was dissolved in MeOH and precipitated with Et2O at 4 °C over the weekend in 
order to eliminate the excess of manganese salts (brown solid remaining on the filter while the 
filtrate is green). Some DOWEX 1x8-200 resin (chloride form) was added to the porphyrin 
solution in 4.5 mL MeOH and the mixture was gently stirred over the weekend. 
C80H72N12O4Cl5Mn 
MW : 1497.8 
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The resin was filtered and washed with MeOH. The filtrate was evaporated and dried under 
vacuum. Yield: 66 mg (0.044 mmol, 79%) green solid. UV-Vis (H2O) λ max nm (ε M
-1  cm-1 ) 
= 469 (66x103), 382 (43x103), 402 (46x103), 422 (36x103), 568 (9x103), 604 (8x103); HRES+-
MS m/z: calculated for [C80H72N12MnO4]
5+ = 263.9036, found: 263.9013.  
 
 
Porphyrin 4
7
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A mixture of the non quaternarized porphyrin (0.15 g, 0.124 mmol) was refluxed in 
CH3COOH (50 mL) with 2.5 equiv. of KAuCl4 (117 mg, 0.310 mmol) and CH3COONa (27 
mg, 0.33 mmol) during 24 h at 120 °C in the dark. The metallation was monitored by UV-
visible spectroscopy and was stopped when the Soret band shift was complete (from 447 to 
412 nm, H2O, acidic pH). At the end of the metallation, the solvent (CH3COOH) was 
neutralized with NaHCO3 solution until there was not liberation of CO2 (this is an indication 
to know that all the CH3COOH is neutralized). 
 
CH3COOH(aq) + NaHCO3(aq)                                CH3COONa(aq) + H2O + CO2(g) 
C80H72N12O4Cl5Au 
MW : 1639.8 
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The solvent was evaporated (H2O) and the porphyrin was diluted in 25 mL of CHCl3 and 
washed three times with 5 ml of water in order to eliminate the CH3COONa salt. The organic 
phase containing the porphyrin was red. The solvent was evaporated and the solid was 
dissolved in CHCl3/MeOH (10:10), methyl iodide (0.5 mL, 8.10 mmol, 16 equiv./pyridine, 65 
equiv./porph) was added and the mixture was heated at 50 °C in the dark for 24 h. After 
evaporation, the solid was dried under vacuum. The porphyrin was then diluted in a minimum 
volume of methanol. Iodide anions were exchanged by chloride over anion exchange resin 
(DOWEX 1x8-200) (3 g of resin) during one night at ambient temperature with slow stirring. 
The solution was filtered and the resin was washed with 10 mL of methanol. Methanol was 
evaporated and the porphyrin was dried under vacuum. Yield: 85 mg (0,052 mmol, 40,2%) 
red solid. UV-Vis (H2O) λ max nm (ε  M
-1  cm-1 ) = 411 (151x103), 525 (8x103), 567 (3x103); 
1H MR (300 MHz, d6-DMSO), δ  10.59 (s, 4H, NHCO), 9.33 (s, 8H, pyrrole), 9.10 (s, 4H, 
H2), 8.91 (d,
 
J = 6 Hz, 4H, H6), 8.62 (d, J = 8 Hz, 4H, H4), 8,18 (m, 20 H, Hphenyl1+ Hphenyl2,+ 
H5), 4.40 (s, 12H, CH3), 3.17 (t, 8H, CH2), 2.89 (t, 8H, CH2); ES
+
-MS m/z = 292.3 [M - 
5Cl]5+ , 374.4 [M - 4Cl]4+, 511.0 [M - 3Cl]3+, 784.2 [M - 2Cl]2+, 365.6 [M(AuII) - 5Cl]4+.  
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Porphyrin 5  
 
Metallation protocol from Dr. Laurent Sabater 
 
 
                       
 
 
 
 
 
 
 
 
 
 
 
 
 
A mixture of the non metallated porphyrin H2-1 (46 mg, 0.032 mmol) cobalt(II) acetate 
tetrahydrate (14 mg, 0.056 mmol) and NaOH (0.1 mL, NaOH 1M) was heated  in H2O (21 mL) 
at 100 °C in the dark under argon for 3-4 h. The reaction was monitored by UV-visible 
spectroscopy and was stopped when the Soret band shift was complete (from 448 to 428 nm, 
H2O, acidic pH and stirring for oxidation of Co
II to CoIII). The reaction mixture was 
evaporated. The solid was dissolved in 20 mL of aqueous HCl (0.1 M) and stirred at room 
temperature for 15 h. The solution is filtered and dried under vacuum. The solid was dissolved 
in a minimum volume of H2O. Desalting of the porphyrin was performed by reverse phase 
chromatography on a C18 Sep-Pak cartridge (5g, Waters) by elution with milliQ water 
followed by MeOH/H2O (50:50). The collected fractions were evaporated to dryness and 
product taken in methanol. The fractions were analyzed by TLC.8 The fractions of interest 
were evaporated and taken in methanol. The product was precipitated by the addition of 
diethyl ether, filtered and washed with Et2O. 
C80H72N12O4Cl5Co 
MW : 1501.7 
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Yield: 30 mg (0.02 mmol, 62%) green solid. UV-Vis (H2O), λ max nm (ε M
-1 cm-1) 428 (350 
x103), 540 (19x103), 574 (8x103). 1H MR (300 MHz, D2O), δ 9.21 (s, 8H, pyrrole), 8.79 (s, 
4H, H2), 8.64 (d, J = 6 Hz, 4H, H5), 8.49 (d, J = 8 Hz, 4H, H4),  8.23 (d, J = 8 Hz, 8H, phenyl), 
7.99 (dd, J = 8 Hz, 6 Hz, 4H, H5), 7.77 (d, J = 8 Hz, 8H, phenyl), 4.36 (s, 12H, CH3-), 3.31 
(t, 8H, CH2), 3.01 (t, 8H, CH2). ES+-MS m/z = 265.0 [M(CoIII)-5Cl]5+, 331.4 [M(CoII)-5Cl]4+. 
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APPEDIX 
  
 
Appendix-A1: H2-MA 
 A1.1 Theoretical curves for H2-MA and G4 quadruplex DNA. 
  A1.1.1    Scatchard plot. 
  A1.1.2    Comparison of the binding constant calculated by the two methods. 
 A1.2 Theoretical curves for H2-MA and TTG4A quadruplex DNA. 
  A1.2.1    Scatchard plot. 
  A1.2.2    Comparison of the binding constant calculated by the two methods. 
 A1.3 Theoretical curves for H2-MA and db48 double stranded DNA. 
 
Appendix-A2: i-MA 
A2.1 Theoretical curves for Ni-MA and G4 quadruplex DNA. 
  A2.1.1    Scatchard plot. 
  A2.1.2    Comparison of the binding constant calculated by the two methods. 
 A2.2 Theoretical curves for Ni-MA and TTG4A quadruplex DNA. 
  A2.2.1    Scatchard plot. 
  A2.2.2    Comparison of the binding constant calculated by the two methods. 
 A2.3 Theoretical curves for Ni-MA and db48 double stranded DNA. 
 
Appendix-A3: Mn-MA 
A3.1 Theoretical curves for Mn-MA and G4 quadruplex DNA. 
  A3.1.1    Scatchard plot. 
  A3.1.2    Comparison of the binding constant calculated by the two methods. 
 A3.2 Theoretical curves for Mn-MA and TTG4A quadruplex DNA. 
  A3.2.1    Scatchard plot. 
  A3.2.2    Comparison of the binding constant calculated by the two methods. 
 A3.3 Theoretical curves for Mn-MA and db48 double stranded DNA. 
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Appendix-A4: Co-MA 
A4.1 Theoretical curves for Co-MA and G4 quadruplex DNA. 
  A4.1.1    Scatchard plot. 
  A4.1.2    Comparison of the binding constant calculated by the two methods. 
 A4.2 Theoretical curves for Co-MA and TTG4A quadruplex DNA. 
  A4.2.1    Scatchard plot. 
  A4.2.2    Comparison of the binding constant calculated by the two methods. 
 A4.3 Theoretical curves for Co-MA and db48 double stranded DNA. 
 
Appendix-A5: Au-MA 
A5.1 Theoretical curves for Au-MA and G4 quadruplex DNA. 
  A5.1.1    Scatchard plot. 
  A5.1.2    Comparison of the binding constant calculated by the two methods. 
 A5.2 Theoretical curves for Au-MA and TTG4A quadruplex DNA. 
  A5.2.1    Scatchard plot. 
  A5.2.2    Comparison of the binding constant calculated by the two methods. 
 A5.3 Theoretical curves for Au-MA and db48 double stranded DNA. 
 
Appendix-A6: Kinetic and affinity binding constants of middle arm family with G4 
quadruplex DNA. 
   
Appendix-A7: Kinetic and affinity binding constants of middle arm family with TTG4A 
quadruplex DNA. 
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Appendix-A1 : H2-MA 
 
A1.1) Theoretical curves obtained for H2-MA and G4 with a non equivalent 2-site model. 
 
 
 
A1.1.1) Scatchard plot 
 
A1.1.2) Comparison of the affinity binding constant between H2-MA and G4 calculated by the 
two methods: 
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7 and 2.8 105 M-1 
KA Scatchard: 0.7 10
7 and 8.6 105 M-1 
y = -7E+06x + 1E+09
R2 = 0,8596
y = -856276x + 5E+08
R2 = 0,9448
0,00E+00
2,00E+08
4,00E+08
6,00E+08
8,00E+08
1,00E+09
1,20E+09
0 100 200 300 400 500
RUeq
R
U
e
q
/C
o
n
c
 (
M
)
-50
50
150
250
350
450
-100 0 100 200 300 400 500 600 700
RU
R
e
s
p
o
n
s
e
Time s
  - 222 - 
 
A1.2) Theoretical curves obtained for H2-MA and TTG4A with a non equivalent 2-site model. 
 
 
 
 
 
 
 
 
A1.2.1) Scatchard plot 
 
 
 
 
 
A1.2.2)  Comparison of the affinity binding constant between H2-MA and TTG4A calculated 
by the two methods. 
KA Biacore: 5.9 10
6 and 1.8 103 M-1 
KA Scatchard: 6 10
6 and 7.7 105 M-1 
y = -5E+06x + 1E+09
R2 = 0,9123
y = -775227x + 3E+08
R2 = 1
0,00E+00
2,00E+08
4,00E+08
6,00E+08
8,00E+08
1,00E+09
1,20E+09
1,40E+09
0 100 200 300 400
RUeq
R
U
e
q
/C
o
n
c
 (
M
)
-50
0
50
100
150
200
250
300
350
-100 0 100 200 300 400 500 600 700
RU
R
e
s
p
o
n
s
e
Time s
   APPENDIX 
 - 223 - 
 
A1.3) Theoretical curves obtained for H2-MA and db48 with a non equivalent 2-site model. 
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Appendix-A2: i-MA 
 
 
A2.1) Theoretical curves obtained for i-MA and G4 with a non equivalent 2-site model. 
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A2.1.1) Scatchard plot 
 
 
A2.1.2) Comparison of the affinity binding constant between Ni-MA and G4 calculated by the 
two methods.  
KA Biacore: 9.8 10
6 and 5.2 105 M-1 
KA Scatchard: 8 10
6 and 1 106 M-1 
 
 
A2.2) Theoretical curves obtained for i-MA and TTG4A with a non equivalent 2-site model. 
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A2.2.1) Scatchard plot. 
 
 
A2.2.2) Comparison of the affinity binding constant between Ni-MA and TTG4A calculated 
by the two methods.  
KA Biacore: 1.4 10
7 and 1.9 105 M-1 
KA Scatchard: 9 10
6 and 8 105 M-1 
 
 
 
A2.3) Theoretical curves obtained for i-MA and db48 with a non equivalent 2-site model. 
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Appendix-A3: Mn-MA 
 
A3.1) Theoretical curves obtained for Mn-MA and G4 with a non equivalent 2-site model. 
 
 
 
A3.1.1) Scatchard Plot. 
 
 
A3.1.2) Comparison of the affinity binding constant between Mn-MA and G4 calculated by 
the two methods.  
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A3.2) Theoretical curves obtained for Mn-MA and TTG4A with a non equivalent 2-site 
model and 1-site model (Two states reaction). 
 
 
 
 
A3.2.1) Scatchard Plot. 
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A3.2.2) Comparison of the affinity binding constant between Mn-MA and TTG4A calculated 
by the two methods.  
 
Considering 2-site model 
KA Biacore: 5.6 10
6 and 4.2 105 M-1 
KA Scatchard: 4 10
6 and 1 106 M-1 
 
Considering 1-site model 
KA Biacore: 2.5 10
6  M-1 
KA Scatchard: 3 10
6  M-1 
 
 
 
 
 
A3.3) Theoretical curves obtained for Mn-MA and db48 with a 1-site model. 
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Appendix-A4: Co-MA 
 
A4.1) Theoretical curves obtained for Co-MA and G4 with a non equivalent 2-site model and 
1-site model (Two states reaction). 
 
 
 
A4.1.1) Scatchard plot. 
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A4.1.2) Comparison of the affinity binding constant between Co-MA and G4 calculated by the 
two methods.  
 
Considering 2-site model 
KA Biacore: 3.6 10
7 and 7.1 106 M-1 
KA Scatchard: 6 10
6 M-1 
  
Considering 1-site model 
KA Biacore: 1.6 10
7  M-1 
KA Scatchard: 6 10
6  M-1 
 
A4.2) Theoretical curves obtained for Co-MA and TTG4A with a non equivalent 2-site model 
and 1-site model (Two states reaction). 
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A4.2.1) Scatchard plot. 
 
A4.2.2) Comparison of the affinity binding constant between Co-MA and TTG4A calculated 
by the two methods.  
Considering 2-site model 
KA Biacore: 1.0 10
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A4.3) Theoretical curves obtained for Co-MA and db48 with a 1-site model. 
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Appendix-A5: Au-MA 
 
A5.1) Theoretical curves obtained for Au-MA and G4 with a non equivalent 2-site model. 
 
 
 
 
 
A5.1.1) Scatchard plot. 
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A5.2) Theoretical curves obtained for Au-MA and TTG4A with a non equivalent 2-site 
model. 
 
 
 
 
 
A5.2.1) Scatchard plot. 
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A5.2.2) Comparison of the affinity binding constant between Au-MA and TTG4A calculated 
by the two methods.  
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A5.3) Theoretical curves obtained for Au-MA and db48 with a 2-site model. 
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Appendix-A6 
 
Kinetic constants for the association (kon (M
-1 s-1) and dissociation (koff (s
-1)) of the given 
molecules with quadruplex DNA (G4) and the corresponding affinity constants (KA (M
-1) . 
When fitted with non-equivalent 2-site model corresponds to 2 sites, and two states model 
corresponds 1 site. 
 
  
kon 
 
 
koff 
 
KA 
 
H2-MA 
(2 sites) 
 
 
3,0 105 
6,2 104 
 
3,5 10-2 
0,22 
 
 
8,3 10
6 
2,8 10
5
 
 
i-MA 
(2 sites) 
 
1,5 1010 
2,2 105 
 
1,6 103 
0,42 
 
 
9,8 10
6
 
5,2 10
5 
 
Mn-MA 
(2 sites) 
 
1,1 106 
95,97 
 
 
0.61 
2,7 102 
 
1,8 10
6
 
3.5 10
3
 
 
Co-MA 
(1 site) 
 
 
8,3 105 
6,3 10-3 
 
0,28 
1,5 10-3 
 
1,6 10
7 
 
Au-MA 
(2 sites) 
 
 
8,2 105 
1,3 105 
 
1,5 10-8 
0,17 
 
6,9 10
7
 
7,6 10
5 
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Appendix-A7 
 
Kinetic constants for the association (kon (M
-1 s-1) and dissociation (koff (s
-1)) of the given 
molecules with modified  quadruplex DNA (TTG4A) and the corresponding affinity constants 
(KA (M
-1) .When fitted with non-equivalent 2-site model corresponds to 2 sites, and two states 
model corresponds 1 site. 
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H2-MA 
(2 sites) 
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(2 sites) 
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(2 sites) 
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Co-MA 
(1 site) 
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5,9 10
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(2 sites) 
 
 
8,4 105 
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RESUMÉ 
 
Les cellules cancéreuses possèdent une enzyme, la télomérase, qui allonge constamment leurs télomères 
tandis que les cellules normales sont dépourvues de télomérase. Les télomères sont des séquences d’ADN riches 
en guanines situées à l’extrémité des chromosomes dont la structure s’organise en G-Quadruplex. Due à ses 
caractéristiques structurelles et à une possible fonction cellulaire, le ciblage des télomères par des petites 
molécules constitue aujourd’hui une des stratégies les plus prometteuses pour la découverte de nouveaux agents 
antitumoraux. Pour être considéré comme un potentiel agent thérapeutique, une molécule doit présenter une forte 
affinité et sélectivité pour le G-quadruplex. Une métalloporphyrine de Mn(III) combinant un coeur aromatique et 
quatre bras cationiques flexibles, s’est avérée capable de discriminer par un facteur de 104 entre de l’ADN 
quadruplex et de l’ADN duplex. 
Dans ce projet de recherche nous nous intéresserons au rôle du métal central ainsi qu’à celui des bras 
cationiques encombrants dans l’optimisation des molécules pour le ciblage des télomères. C’est dans ce objectif  
que trois familles de porphyrines ont été synthétisées: (i) meso-tetrakis(4--methylpyridiniumyl)porphyrin 
(TMPyP4), (ii) porphyrine long bras (LA) et (iii) porphyrine bras moyen (MA), par metallation avec nickel(II), 
manganèse(III), cobalt(III) et or(III). 
 Dans le cas des porphyrines TMPyP4, nous avons d’abord démontré que la présence d’une charge 
positive au cœur du système aromatique ne contribue pas à une amélioration de l’interaction. Les études on aussi 
révélés que les ligands axiaux, bien que diminuant l’affinité, augmentent la sélectivité pour le G-quadruplex. Ces 
résultats mettent en évidence que la présence des ligands axiaux sur le métal ne gêne pas l’interaction entre la 
porphyrine et le quadruplex. 
 De nouvelles études de résonance plasmonique de surface sur la porphyrine Mn(III) long bras, ont 
confirmé la sélectivité exceptionnelle pour le G-quadruplex. Des analyses de FRET sur toute la série long bras 
ont montré que la présence de bras encombrants confère à la porphyrine une haute sélectivité pour le quadruplex. 
Trois molécules de la série ont été soumises à des tests cellulaires. H2-LA et Mn-LA ont donné des résultats 
encourageants, démontrant une capacité de pénétration cellulaire et de médiation des effets cellulaire typiques 
d’un ligand G4. 
La série bras moyen a été synthétisée dans le but d’étudier le rôle des groupes cationiques encombrants, 
en simplifiant le squelette de la porphyrine. Les bras cationiques flexibles ont été remplacés par des groupes 
phenylpyridiniumyl rigides. Quatre molécules présentent de bonnes affinités et sélectivités. Des analyses 
supplémentaires indiquent une probable interaction par « stacking » avec le G-tétrade du quadruplex. 
Etonnamant, ces molécules ont aussi manifesté une grande affinité pour le petit sillon d’une séquence de six 
paires de bases AT consécutives. En comparaison avec les séries long bras et TMPyP4, la famille bras moyen ait 
montré des performances intéressantes pour le ciblage du G4. Cependant, celles-ci n’atteignent pas la haute 
affinité et l’excellente sélectivité de la porphyrine manganèse long bras pour l’ADN télomérique. 
  
ABSTRACT 
 
Cancer cells express the telomerase enzyme, which is responsible of maintaining their telomere length, 
whereas normal cells are devoid of telomerase activity. Telomeres are guanine rich DNA sequences located at 
the end of the chromosomes that can adopt a G-quadruplex structure. Due to their structural features and possible 
cellular function, G-quadruplex constitutes a particularly interesting target for drug design, and therefore a 
promising strategy for new antitumour drugs. To be considered as potential anticancer drug, a G-quadruplex 
ligand must demonstrate a high affinity and selectivity for human telomeric DNA. The cationic porphyrin, 
manganese(III) long arm was reported to be able to discriminate between quadruplex and duplex DNA by four 
orders of magnitude. 
 The present work focuses on the study of the role of the central metal and the role of the bulky cationic 
groups on the porphyrin macrocycle in the design of telomere interacting drugs. To this purpose, three types of 
porphyrins were prepared, (i) meso-tetrakis(4--methylpyridiniumyl)porphyrin (TMPyP4) (ii) long arm 
porphyrin (LA) and (iii) middle arm porphyrin (MA), by metallation with nickel(II), manganese(III), cobalt(III) 
and gold(III).  
In the case of the relatively small TMPyP4 porphyrins, we first showed that the presence of a positive 
charge at the centre of the aromatic core does not contribute to improve binding process. The investigation also 
revealed that axial water molecules, although lowering the affinity, increase G-quadruplex selectivity. These 
results evidenced that axial ligands in the center of the metal do not hamper the binding of the complex with the 
quadruplex structure. 
In agreement with previous reports, new SPR studies confirmed that manganese(III) long arm porphyrin 
is an exceptional G-quadruplex ligand. According to FRET-melting measurements on long arm series, we 
proved that the bulky and flexible cationic substituents conferred to the porphyrin high quadruplex selectivity. 
Three compounds of long arm series underwent cellular tests. H2-LA and Mn-LA proved encouraging, showing 
that regardless of the presence of large cationic substituents, the porphyrin derivates are able to penetrate cells 
and mediate some of the typical cellular effects of G4-ligands. 
Middle arm porphyrin series was designed with the aim to study the role of the bulky cationic groups, 
simplifying the porphyrin skeleton. Long and flexible cationic substituents were replaced by phenylpyridiniumyl 
rigid groups. Four molecules presented properties both in terms of affinity and selectivity. Further analysis 
indicated that they are probably able to undergo π-π stacking interactions with guanine quartets of quadruplex 
DNA. Surprisingly, these molecules also manifested a high binding affinity to the minor groove of longer 
sequences consisting of 6 consecutive AT base pairs. Comparing with long arm and TMPyP4 series, middle arm 
family proved to be interesting for G-quadruplex targeting but did not reach the high affinity and excellent 
selectivity for G-quadruplex DNA of manganese long arm porphyrin 
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Cancer cells express the telomerase enzyme, which is responsible of maintaining their telomere length, 
whereas normal cells are devoid of telomerase activity. Telomeres are guanine rich DNA sequences located at the end 
of the chromosomes that can adopt a G-quadruplex structure. Due to their structural features and possible cellular 
function, G-quadruplex constitutes a particularly interesting target for drug design, and therefore a promising strategy 
for new antitumour drugs. To be considered as potential anticancer drug, a G-quadruplex ligand must demonstrate a 
high affinity and selectivity for human telomeric DNA. The cationic porphyrin, manganese(III) long arm was reported 
to be able to discriminate between quadruplex and duplex DNA by four orders of magnitude. 
 The present work focuses on the study of the role of the central metal and the role of the bulky cationic groups 
on the porphyrin macrocycle in the design of telomere interacting drugs. To this purpose, three types of porphyrins 
were prepared, (i) meso-tetrakis(4-N-methylpyridiniumyl)porphyrin (TMPyP4) (ii) long arm porphyrin (LA) and (iii) 
middle arm porphyrin (MA), by metallation with nickel(II), manganese(III), cobalt(III) and gold(III).  
In the case of the relatively small TMPyP4 porphyrins, we first showed that the presence of a positive charge 
at the centre of the aromatic core does not contribute to improve binding process. The investigation also revealed that 
axial water molecules, although lowering the affinity, increase G-quadruplex selectivity. These results evidenced that 
axial ligands in the center of the metal do not hamper the binding of the complex with the quadruplex structure. 
In agreement with previous reports, new SPR studies confirmed that manganese(III) long arm porphyrin is an 
exceptional G-quadruplex ligand. According to FRET-melting measurements on long arm series, we proved that the 
bulky and flexible cationic substituents conferred to the porphyrin high quadruplex selectivity. Three compounds of 
long arm series underwent cellular tests. H2-LA and Mn-LA proved encouraging, showing that regardless of the 
presence of large cationic substituents, the porphyrin derivates are able to penetrate cells and mediate some of the 
typical cellular effects of G4-ligands. 
Middle arm porphyrin series was designed with the aim to study the role of the bulky cationic groups, 
simplifying the porphyrin skeleton. Long and flexible cationic substituents were replaced by phenylpyridiniumyl rigid 
groups. Four molecules presented properties both in terms of affinity and selectivity. Further analysis indicated that 
they are probably able to undergo π-π stacking interactions with guanine quartets of quadruplex DNA. Surprisingly, 
these molecules also manifested a high binding affinity to the minor groove of longer sequences consisting of 6 
consecutive AT base pairs. Comparing with long arm and TMPyP4 series, middle arm family proved to be interesting 
for G-quadruplex targeting but did not reach the high affinity and excellent selectivity for G-quadruplex DNA of 
manganese long arm porphyrin 
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Résumé 
 
Les cellules cancéreuses possèdent une enzyme, la télomérase, qui allonge constamment leurs télomères 
tandis que les cellules normales sont dépourvues de télomérase. Les télomères sont des séquences d’ADN riches 
en guanines situées à l’extrémité des chromosomes dont la structure s’organise en G-Quadruplex. Due à ses 
caractéristiques structurelles et à une possible fonction cellulaire, le ciblage des télomères par des petites 
molécules constitue aujourd’hui une des stratégies les plus prometteuses pour la découverte de nouveaux agents 
antitumoraux. Pour être considéré comme un potentiel agent thérapeutique, une molécule doit présenter une forte 
affinité et sélectivité pour le G-quadruplex. Une métalloporphyrine de Mn(III) combinant un coeur aromatique et 
quatre bras cationiques flexibles, s’est avérée capable de discriminer par un facteur de 104 entre de l’ADN 
quadruplex et de l’ADN duplex. 
Dans ce projet de recherche nous nous intéresserons au rôle du métal central ainsi qu’à celui des bras 
cationiques encombrants dans l’optimisation des molécules pour le ciblage des télomères. C’est dans ce objectif  
que trois familles de porphyrines ont été synthétisées: (i) meso-tetrakis(4-N-methylpyridiniumyl)porphyrin 
(TMPyP4), (ii) porphyrine long bras (LA) et (iii) porphyrine bras moyen (MA), par metallation avec nickel(II), 
manganèse(III), cobalt(III) et or(III). 
 Dans le cas des porphyrines TMPyP4, nous avons d’abord démontré que la présence d’une charge 
positive au cœur du système aromatique ne contribue pas à une amélioration de l’interaction. Les études on aussi 
révélés que les ligands axiaux, bien que diminuant l’affinité, augmentent la sélectivité pour le G-quadruplex. Ces 
résultats mettent en évidence que la présence des ligands axiaux sur le métal ne gêne pas l’interaction entre la 
porphyrine et le quadruplex. 
 De nouvelles études de résonance plasmonique de surface sur la porphyrine Mn(III) long bras, ont 
confirmé la sélectivité exceptionnelle pour le G-quadruplex. Des analyses de FRET sur toute la série long bras 
ont montré que la présence de bras encombrants confère à la porphyrine une haute sélectivité pour le quadruplex. 
Trois molécules de la série ont été soumises à des tests cellulaires. H2-LA et Mn-LA ont donné des résultats 
encourageants, démontrant une capacité de pénétration cellulaire et de médiation des effets cellulaire typiques 
d’un ligand G4. 
La série bras moyen a été synthétisée dans le but d’étudier le rôle des groupes cationiques encombrants, 
en simplifiant le squelette de la porphyrine. Les bras cationiques flexibles ont été remplacés par des groupes 
phenylpyridiniumyl rigides. Quatre molécules présentent de bonnes affinités et sélectivités. Des analyses 
supplémentaires indiquent une probable interaction par « stacking » avec le G-tétrade du quadruplex. 
Etonnamant, ces molécules ont aussi manifesté une grande affinité pour le petit sillon d’une séquence de six 
paires de bases AT consécutives. En comparaison avec les séries long bras et TMPyP4, la famille bras moyen ait 
montré des performances intéressantes pour le ciblage du G4. Cependant, celles-ci n’atteignent pas la haute 
affinité et l’excellente sélectivité de la porphyrine manganèse long bras pour l’ADN télomérique. 
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